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Abstract

This thesis presents the development of tactile force and temperature sensors
formed by coupling an organic thin-film transistor with a ferroelectric polymer-based
parallel-plate  capacitor.  Ferroelectric  material  polyvinylidene  fluoride
trifluoroethylene (P(VDF-TrFE)) sandwiched between two metal electrodes in a
parallel plate capacitor structure was coupled to the gate electrode of a low-voltage
organic thin-film transistor (OTFT) for signal amplification and voltage readout. To
ensure low-voltage operation of the sensing circuit, low-voltage transistor operation
was necessary. This was enabled through use of an ultra-thin bi-layer gate dielectric
comprised of aluminium oxide (AlOy), formed by the UV/ozone oxidation of
aluminium, and a self-assembled monolayer (SAM) of phosphonic acid produced by
vacuum deposition. The OTFT was optimised with respect to its dielectric and
semiconductor; whereby the length of the SAM’s alkyl chain and semiconductor
deposition conditions on OTFT electrical and structural properties were studied. An
air-stable organic semiconductor dinaphtho[2,3-b:2°,3’-f]thieno[3,2-b]thiophene
(DNTT) was implemented to create OTFTs with improved mobility and electrical
stability. Furthermore, two commercially available polyethylene naphthalate (PEN)
plastic foils were compared for use as flexible substrates for OTFTs. Response of the
P(VDF-TrFE)/OTFT sensor to force and temperature was investigated and results
show that the sensor has a linear response to applied constant temperature whereas it
responds logarithmically to static compressive force, regardless of whether P(VDF-

TrFE) is in the ferroelectric or paraelectric state.
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Chapter 1

Introduction

1.1 Organic electronics

Organic electronics encompasses a range of materials and fabrication steps to
create electronic circuit elements using carbon-based organic materials. The term
organic electronics is analogous to flexible or printable electronics, which together
are generally termed large-area electronics. Large-area refers to potential scalability
of organic devices such as organic thin-film transistors (OTFTSs), organic light-

emitting diodes (OLEDS), sensors, organic solar cells (OSCs) and displays etc. over



large substrate areas. Over the last 35 years or so, organic electronics has attracted
significant commercial interest, particularly in the development of lighting

technology, as well as for flexible displays for mobile phones and televisions.

Organic devices offer many advantages over conventional inorganic
counterparts such as low fabrication temperature, low cost and non-planar form
factors. As a result, unlike silicon-based electronics, novel organic devices can be
fabricated on a wide range of flexible substrates such as plastic or paper. Commonly
used plastic substrates such as polyethylene naphthalate (PEN) and polyethylene
terephthalate (PET) are used in flexible OLED displays [1], flexible pressure sensors
[2], RFID tags [3] and disposable electronics [4]. Figure 1.1 shows a photograph of a
flexible active-matrix OLED (AMOLED) display on a PEN substrate. A photograph
showing OTFTs arranged in an active-matrix to create the readout electronics for an

electronic artificial skin is presented in Figure 1.2.

The flexibility element of organic devices is crucial for sensing applications
where the requirement of stretchable, foldable or bendable sensors over large-areas is

imminent.

Figure 1.1: Flexible AMOLED display on PEN substrate [1].



Figure 1.2: Flexible active-matrix pressure sensor comprising OTFTs as read-
out electronics [2].

1.2 Tactile sensing

Tactile sensing refers to the process of detecting and processing a given
contact event (such as force or temperature) over a defined area and performing
initial processing of the event. Using this definition, a tactile sensor is a device which
can measure contact parameters through interaction with the surrounding
environment. Tactile sensors are particularly useful within the field of robotics. To
enable a humanoid robot to achieve effective human-robot interaction, the robot must
be able to interact safely through touching its surroundings in order to cause no harm
to the humans or themselves. Robots will be able to learn about their new
environments by interacting with everyday objects, and properties of objects such as
mechanical compliance can only be assessed via the sense of touch. In addition, for
safety reasons, humanoid robots able to detect changes in contact temperature will be

at a distinct advantage for applications within the medical or care sectors.



Effective tactile sensing requires two features — sensing and processing.
Firstly, the parameter of interest such as force or temperature must be detected.
However for this detection to be useful, it must go through some form of processing.
This system is analogous to a human’s ability to sense and then pass on that
information to the central nervous system to pre-process the signals for the brain. By
combining multiple sensors and processing units such as OTFTs together on a single
flexible substrate, an electronic skin (e-skin) can be developed. Figure 1.3 shows
electronic films on flexible substrates creating a large-area e-skin for use on

humanoid robots.

Various sensors exist to detect force and temperature. For force, sensors
typically exploit capacitive changes [5], the piezoresistive effect [6] and the
piezoelectric effect [7] whereas capacitive and pyroelectric effects [8] are used for
detecting changes in temperature. Figure 1.4 shows an example of a humanoid robot

fitted with capacitive tactile sensors providing touch sensitivity.

T,

Figure 1.3: Humanoid skin made of ultrathin electronics on elastomeric
substrates [9].



Figure 1.4: Humanoid robot fitted with capacitive tactile sensors for touch
detection [10].

1.3 Research motivation

An effective tactile skin not only requires sensors for detection of parameters
such as force and temperature, but it requires a form of electronics for pre-processing
of the sensor output signal. Organic thin-film transistors are excellent candidates to
provide signal amplification from a tactile sensor. By careful selection of the
substrate, gate dielectric, semiconductor and device contacts, OTFTs can be operated
at voltages less than 2 V [11, 12]. Low-voltage operation results in reduced power
consumption for electronic circuits such as e-skin. OTFTs have a distinct advantage
over inorganic counterparts in terms of their required fabrication temperature, which
enable them to be produced on mechanically compliant flexible plastic substrates.

This thesis shows that through careful selection of gate dielectric materials
and plastic substrate, low-voltage OTFTs can be produced at low cost on plastic foils

for use within a tactile sensing system for force and/or temperature detection.



A useful electronic skin has the ability to sense and process in-situ multiple
contact parameters such as force, temperature, humidity etc. To date, many tactile
sensors exist capable of sensing compressive force events, but show little or no
sensitivity to applied temperature [13, 14]. This thesis shows that by combining a
ferroelectric polymer (P(VDF-TrFE)) with a flexible OTFT both force and

temperature events can be monitored with almost equivalent sensitivities.

1.4 Thesis objectives

This thesis presents tactile force and temperature sensors that combine a low-
voltage organic thin-film transistor with a ferroelectric polymer-based parallel-plate
capacitor. To reduce the operating voltage of the sensing circuit, low-voltage
transistor operation was required. This was achieved by using an ultra-thin bi-layer
gate dielectric formed of aluminium oxide (AlOy), prepared by the UV/ozone
oxidation of aluminium, and a vacuum-deposited self-assembled monolayer of
phosphonic acid (C,PA). Namely, AIOx preparation method along with an
investigation of alkyl phosphonic acids with varied alkyl chain length were employed
to produce OTFTs with large gate dielectric capacitance, low-leakage current
density, and low threshold voltage. In addition, an air-stable organic semiconductor
dinaphtho[2,3-b:2’,3'-f]thieno[3,2-b]thiophene (DNTT) was implemented to achieve
OTFTs with improved field-effect mobility and bias stress stability. Finally, the
OTFT fabrication was tested on two flexible plastic substrates to pave the way for

future flexible sensors.



Force and temperature sensors have been realised by combining the P(VDF-
TrFE) capacitor with an OTFT. Response of such sensors to compressive normal

force and temperature are presented in the thesis.

1.5 Thesis outline

This thesis is outlined as follows. Chapter 2 describes the background
material behind OTFTs and ferroelectric materials. The fabrication procedures
adopted to create metal-insulator-metal (MIM) structures, OTFTs and P(VDF-TrFE)
sensors are outlined in Chapter 3. The chapter also introduces the various electrical
measurements performed on the structures to gain an insight into device
performance. Chapter 4 discusses the effect of phosphonic acid alkyl chain length on
OTFT performance. Transfer of the OTFT fabrication procedure onto plastic
substrates is optimised in Chapter 5. Chapter 6 details the capacitive response of the
P(VDF-TrFE) capacitor to compressive force and temperature. Response of the
P(VDF-TrFE)/OTFT sensor to force and temperature is presented in Chapter 7.

Finally, Chapter 8 concludes the thesis and provides scope for future work.

1.6 Thesis contributions

The main contributions of this thesis are:



Optimisation of the vapour-deposited alkyl phosphonic acid monolayer
(C,PA) with respect to the alkyl chain length (n =8, 10, 12, 14, 16, and 18).
The effect of the monolayer on the OTFT short- and long-term performance
was also investigated and it has been shown that C;gPA provided transistors
with the highest field-effect mobility, lowest threshold voltage, and improved
bias-stress stability.

Transfer of the low-voltage OTFT fabrication process onto two plastic (PEN)
substrates and optimisation of PEN pre-treatment and DNTT deposition in
terms of deposition rate.

First demonstration of capacitive response of P(VDF-TrFE) capacitor to force
and temperature. The results showed that the sensor capacitance increases
logarithmically with the applied compressive force, while it increases linearly
with the increasing temperature.

Design and development of P(VDF-TrFE)/OTFT sensor for monitoring
normal force and temperature with the emphasis on monitoring the static
pressure and temperature. The achieved results constitute the first
demonstration that the capacitive properties of the ferroelectric P(VDF-TrFE)
co-polymer can be exploited in addition to its piezoelectric and pyroelectric

properties.



Chapter 2

Research background

The aim of this chapter is to present the organic thin-film transistor (OTFT)
and the properties of ferroelectric materials. OTFT structure, operating regimes and
the underlying physics pertinent to understanding the OTFT is introduced.
Background information on the related metal-insulator-metal (MIM) structure and
the field effect transistor are provided in Sections 2.1 and 2.2 respectively. Section
2.3 focusses on charge carrier transport within the organic thin-film transistor. OTFT
operation is discussed in Section 2.4, with important OTFT performance parameters

highlighted in Section 2.5. The state of the art in low-voltage OTFT operation is



given consideration in Section 2.6. In addition, information related to understanding
ferroelectricity and ferroelectric materials is presented. Section 2.7 introduces the
concept of electric polarisation and explains the difference between the polarisation
of a linear dielectric, paraelectric polarisation and ferroelectric polarisation.
Ferroelectricity is described in detail in Section 2.8. Sections 2.9 and 2.10 discuss
piezoelectricity and pyroelectricity respectively, with Section 2.11 introducing
ferroelectric polymers PVDF and P(VDF-TrFE). Section 2.12 describes the merger
of the ferroelectric capacitor with the organic transistor and includes an example of a
piezoelectric oxide semiconductor field-effect transistor (POSFET) for illustration.

Finally, the chapter is summarised in Section 2.13.

2.1 Metal-insulator-metal (MIM) structure

Before discussing the structure of the organic thin-film transistor, it is worth
mentioning the metal-insulator-metal (MIM) structure; i.e. a parallel-plate capacitor.
A parallel plate capacitor comprises two parallel conducting layers sandwiching a
dielectric. The conducting layers are often made of the same metal to reduce

fabrication complexity; however, the metals can be different.

An electric field (E) is present when a voltage (V) is applied across the
electrodes. Application of an electric field causes polarisation within the dielectric,
i.e. on a microscopic scale the centres of the positive and negative charge separate.
This is represented by a relative permittivity (e;) that becomes larger than 1. Figure

2.1 depicts a typical MIM structure in the presence of an external electric field.

10



<

HE bk

:
|

P

>

Figure 2.1: Metal-insulator-metal (MIM) structure. A is the area of each
electrode and d is the distance between them.

The amount of charge (Q) developed on the metal electrodes is a function of
the capacitance (C) of the dielectric and the applied external voltage (V), as

expressed in Equation 2.1.
Q=CV (2.1)

The capacitance is proportional to the area (A) of the capacitor and inversely
proportional to d, the separation between the metal electrodes (thickness of the
dielectric), as given in Equation 2.2, where &, is the electrical permittivity of vacuum
equal to 8.85x10™ F/m and ¢, is the relative permittivity of the dielectric material
itself. Capacitance has units of Farads (F) and can also be expressed in F/cm?

thereby accounting for the area of the capacitor.

C= =LA (2.2)
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The metal-insulator-metal structure is a useful tool for assessing the
properties of a dielectric material and is therefore used commonly when investigating

the performance of organic thin-film transistors.

2.2 Field-effect transistor

A field-effect transistor (FET) is a unipolar transistor requiring a gate-
induced electric field to modulate the charge carrier density within the semiconductor
material. The essential part of a FET is the metal-insulator-semiconductor (MIS)
structure, akin to the MIM structure; in this case one of the metal electrodes is
replaced by a semiconductor. The FET terminals are called gate, source and drain.
The gate electrode is electrically isolated from the semiconductor layer by the
dielectric. The source and drain terminals on the other hand are in direct contact with

the semiconductor layer.

A voltage applied to the metal electrode, called the gate, modulates the
conductivity in the semiconductor material next to the dielectric/semiconductor
interface. Such a transistor is classed as unipolar because it requires only one type of
carrier to operate (e.g. electrons in n-type or holes in p-type). FETs feature an active

channel, along which electrons or holes flow from the source to the drain.

Flow of current between the source and drain terminals (Ip) is controlled by
the voltage applied to the gate electrode. The magnitude of the voltage applied to the

gate and drain terminals controls the magnitude of the resulting drain current as the

12



voltages applied affect the size and shape of the conductive channel. The source

electrode is typically grounded.

FETs can operate in a number of ways. A common mode of operation is
found by using an n-channel enhancement-mode device. In this case, there is no
conductive channel initially, and a positive gate-to-source voltage must be applied to
form one. The gate voltage attracts free electrons towards the gate, and a channel
forms. Through doing so, a depletion region is created. The threshold voltage marks
the point where the depletion region begins. By increasing the voltage on the gate,
more electrons will be attracted towards the gate and a channel forms between source

and drain in a process known as inversion.

FETs are composed of a number of different materials, namely metals,
semiconductors and dielectrics. Aluminium (Al) and gold (Au) are the most
commonly used metals. Examples of dielectrics include silicon dioxide (SiO,),
silicon nitride (SizN4), and aluminium oxide (Al,O3). Various semiconductors have
been used to date, with crystalline silicon being the most common due to its well-
established fabrication process developed over five decades. In addition to various
inorganic semiconductors, organic conjugated polymers also exhibit semiconducting
properties which led to the development of organic FETs. Common examples of

organic semiconductors include the thiophenes and pentacene.

2.2.1 Organic thin-film transistor
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In recent years, organic semiconducting materials have been applied to
various electronic devices such as field-effect transistors, solar cells, light-emitting
diodes, etc., and the performance of these devices is continuously improving.
Organic thin-film transistors (OTFTSs) are similar to other FETSs, the main difference
is in the selection of materials; OTFTs always use organic semiconductors such as
pentacene or DNTT and sometimes they also feature an organic dielectric. OTFTs
are built up layer by layer on a substrate that can be rigid (e.g. glass), or flexible (e.g.
plastic or paper) and, therefore, are often called thin-film transistors instead of field-

effect transistors.

Organic thin-film transistors (OTFTs) can be produced in different device
architectures; bottom-gate top-contact (BGTC) and bottom-contact top-gate (BCTG)
being the two most commonly found. A cross-sectional representation of these two
architectures is shown in Figure 2.2 (a) and (b) respectively. The bottom-gate top-

contact architecture is the one adopted in this thesis.

(a) (b)
: Gate
Source Drain
Dielectric
Semiconductor
Dielectric Semiconductor
Gate Source
Substrate Substrate
Figure 2.2: OTFT cross section: bottom-gate top-contact (a), and bottom-

contact top-gate (b).
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2.3 OTFT carrier transport

In the OTFT, current flow between the source and drain terminals is
controlled by the magnitude of the voltage applied to the gate terminal. In a p-type
OTFT, negative Vgs is required to promote hole accumulation, whereas positive Vgs

is necessary for electron accumulation in an n-type device.

Let us assume that the applied Vgs is high enough to induce charge carrier
accumulation and the formation of a conducting channel in the organic
semiconductor near the semiconductor/dielectric interface. In a p-type organic thin-
film transistor, the channel contains the positive charge and charge transport occurs
through the highest occupied molecular orbital (HOMO) levels of the organic
semiconductor. In the n-type OTFT, negative charge is accumulated in the transistor
channel and charge transport occurs through the lowest unoccupied molecular orbital
(LUMO) levels of the organic semiconductor. The HOMO and LUMO bands are an
analogy to the valence and conduction bands of inorganic semiconductors. Figure 2.3
illustrates the energy level diagram of the semiconductor/dielectric interface when
charge accumulation occurs in p- or n-type OTFTs. Furthermore, Figure 2.4 shows
the energy level diagram along the OTFT conducting channel, featuring the source

and drain with the semiconductor.

In contrast to semiconductors, metals exhibit no energy gap between their
‘valence’ and ‘conduction’ bands; therefore their Fermi energy (Eg) is a useful figure
of merit when investigating charge transport between metals and semiconductors. In

the context of the OTFT, the energy barrier associated with electron or hole injection
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Figure 2.3: OTFT dielectric/semiconductor interface energy level diagram. Er is
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Figure 2.4: OTFT energy level diagram along the transistor channel.
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from the source contact to the organic semiconductor is the difference between the
work function of the metal and the electron affinity of the organic semiconductor or
the difference between the work function of the metal and the ionisation potential of
the organic semiconductor respectively, as demonstrated in Figure 2.3. For a p-type
OTFT, good hole injection can be achieved between the metal and the semiconductor
if the work function of the source and the ionisation potential of the organic
semiconductor are similar, i.e. there is good alignment between the Er and the top of
HOMO. For the OTFT, choice of semiconductor/electrode materials determines
p-type or n-type behaviour. The p-type OTFTs presented in this thesis are composed
of organic semiconductor dinaphtho[2,3-b:2’,3'-f]thieno[3,2-b]thiophene (DNTT)

and use gold source/drain contacts.

2.4 Organic thin-film transistor operation

When a Vs higher in magnitude, i.e. more negative than the transistor turn-
on voltage for a p-type transistor is applied to the gate electrode, channel formation
occurs. To complete the OTFT operation a drain-to-source (Vps) voltage must also
be applied. Upon application of Vps, the charge induced in the transistor channel
closes the electrical loop and a drain current Ip is measured. For a p-type OTFT, the
polarity of the drain-to-source voltage must also be negative. The direction of current
flow is from the source to the drain, and this current can be modulated by varying the
voltage applied to the transistor gate. Figure 2.5 shows the process of channel

formation within a p-type OTFT device.

17



|, DS
I "
ik VGS |
S
Gate
DO OO O O
Dielectric
[elelelelelel :
Source Drain
Semiconductor
Figure 2.5: OTFT channel formation at the semiconductor/dielectric interface.

The magnitude of the drain current depends on the amount of charge (Q)
induced in the channel. The higher the charge density, the greater the Ip.
Theoretically, all the developed charge at the semiconductor/dielectric interface
should flow along the formed transistor channel. However, in reality, some carriers
leak through the gate dielectric to the gate and are measured as a tangible gate
current (Ig). Ic depends on the gate dielectric layer and in a well-designed transistor

it is several orders of magnitude smaller than Ip.

Other factors can influence the amount of charge developed at the interface.
For example, no transistor behaves completely ideally, and charges can become
trapped within the semiconductor itself or near the semiconductor/dielectric
interface. Fabrication, exposure to an ambient air or UV light can lead to the

additional formation of defects that can be detrimental to OTFT performance.

18



Trapped charge and defects account for a reduction in the overall charge density at
the semiconductor/dielectric interface. Consequently, the charge density is equal to
the dielectric capacitance (C) multiplied by Vgs minus some voltage, known as the

transistor threshold voltage (V;) as seen in Equation 2.3.

Q=CWVe—W) (2.3)

Transistor operation depends on the magnitude of the voltages applied, and
an OTFT has three major regimes of operation, namely the linear, saturation and
subthreshold regimes. These regimes are described in more detail in the following

sub-sections.

2.4.1 Linear regime

The first OTFT operating region of interest is the linear regime. In such a
case the non-zero drain-to-source voltage is less than the gate-to-source voltage

minus the transistor threshold voltage (see Equation 2.4).

0 < [Vps| < (|Vgs — Vi) (2.4)

Let the x-direction be the direction along the transistor channel from the
source to the drain. The charge (Qx) per unit area induced by Vgs within the channel

for a voltage at a given point along the x-direction (V) is given by Equation 2.5.

Qx=C(Vgs — Vi — W) (2.5)
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The value of V varies along the channel from the source to the drain. For
example, at the source electrode, Vy = 0, whereas V = Vps at the drain. The values of
Vy at these points set the integration limits when obtaining the expression for Ip

(Equation 2.7). Firstly, the channel current is given by Equation 2.6.

dQ _ dgax

I = =
D™ 4t~ axat

(2.6)

Drain current (Ip) is equal to the current density (J) multiplied by the cross-
sectional area of the channel (Ac). Current density J is by definition a product of
electrical conductivity (o) and electric field (E) along the transistor channel, where

the conductivity ¢ is given by Equation 2.7.

o = qpu (2.7)

where q is the charge of an electron, p is hole density and [ refers to the hole

mobility. Knowing that drain current is JxA., the following expression for drain

current can be derived by substitution (Equation 2.8).

dvy
Ip = qpuAcn—> (2.8)

where Ac, is a product of the channel width (W) and the thickness of the

accumulation layer (t). Taking gp as Q/t, Equation 2.9 can be obtained.
Ipdx = C(Vgs — Ve — VuWdl, (2.9)

The final mathematical step required to obtain the expression for OTFT drain
current as a function of Vgs and Vps is to integrate Equation 2.9 within integration
limits of its channel length (L). Equation 2.10 shows the integration limits applied to

Equation 2.9 which is subsequently solved and revealed in Equation 2.11.
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L %4
Jy Iodx = CuW [P (Vs — Ve — V)dk (2.10)

Ip = pC (%) Vbs [(VGS -V - % (2.11)

In the linear operating regime of the OTFT, |Vpg| is typically much smaller
than |Vgs — Vi, therefore Equation 2.11 can be reduced to the expression shown in
Equation 2.12. The overall drain current in the linear regime is a function of Vpsg, and

is linear in its response to increasing drain-to-source voltage [15].

Ip = pC (%) (Vs — V) Vps (2.12)

2.4.2 Saturation regime

The OTFT operating region known as the saturation regime is characterised
by a drain-to-source voltage larger than the gate-to-source voltage minus the

transistor threshold voltage (Equation 2.13).
Vps| > Ves = Vil (2.13)

OTFT drain-to-source voltage plays an important role in OTFT operation.
When |Vpg| is increased Vy is increased too. This results in a smaller charge density at
the drain electrode. When Vps = Vgs — V; the induced charge density at the drain is
zero and the so-called “pinch-off” point in the transistor operation has been reached.
This marks the starting point of the transistor’s saturation regime and further increase
in Vps results in a shift of the pinch-off point towards the source. OTFT drain current

becomes independent of Vps and the OTFT is said to be in the saturation regime. In
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this regime, only the gate-to-source voltage Vs controls the magnitude of the drain

current.

Referring to Equation 2.11, the drain current expression for the saturation
regime can be obtained by substituting Vps for Vgs — Vi as shown in Equation 2.14

[15].
w 2
Ip =uC > (Vgs = Vo) (2.14)

Measurement of transistor output and transfer characteristics sheds more light
on the current-voltage relationships of the OTFT for the different operating regimes.
Figure 2.6 shows the transistor’s linear and saturation regimes indicated on a set of
output characteristics. Transistor Ip changes linearly for small Vps and remains

almost constant for higher Vps.
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Figure 2.6: Drain current as a function of drain-to-source voltage in linear

and saturation regimes.
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2.4.3 Subthreshold regime

The third OTFT operating regime is known as the subthreshold regime. It is
characterised by a gate-to-source voltage (Vgs) smaller than the transistor threshold,

or turn-on voltage, V; as indicated by Equation 2.15.

[Ves| < Vel (2.15)

A common measurement used to assess OTFT electrical performance is
evaluating the transistor transfer characteristics by measuring Ip as a function of Vs
for a fixed Vps. For gate-to-source voltages below threshold, OTFT drain-current
increases exponentially as a function of applied Vgs This region is normally
observed at a few 100’s of millivolts below Vi, but is of course dependent on the
individual transistor. Figure 2.7 shows a saturation regime transfer characteristic (Vps

= -2 V), with threshold voltage and subthreshold slope (S) indicated.

107 107
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= 109 109 o
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Figure 2.7: OTFT transfer characteristic in saturation regime (Vps = -2 V).

Threshold voltage and subthreshold slope are shown.
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2.5 OTFT performance parameters

Two measurements that are typically performed on an OTFT to assess its
electrical performance are the output and transfer characteristics, as shown in Figures
2.6 and 2.7. Output characteristics are used to investigate the influence of drain-to-
source voltage on the drain current for various fixed values of gate-to-source voltage.
Transfer characteristics on the other hand record changes in drain current as a

function of sweeping Vgs for a fixed Vps.

The gate dielectric layer of an OTFT plays a crucial role in determining
device performance. Its capacitance determines the transistor drain current, whilst its
thickness determines the gate leakage current (Ig) and the dielectric breakdown
voltage (Vep). Higher dielectric capacitance produces greater Ip but requires a thin
dielectric. However, a trade-off exists for the dielectric thickness since a thicker layer

may be required to reduce I and increase Vgp, thus reducing the capacitance.

OTFT device parameters can be extracted from the transfer characteristics.
In addition to threshold voltage and field-effect mobility, the subthreshold slope,
ON-current (lon) and OFF-current (Iorr) can be obtained. Threshold voltage is the
gate-to-source voltage extracted using Equation 2.12 (linear regime) or 2.14
(saturation regime). The field-effect mobility is a reflection of how well charge
carriers (holes or electrons) move through the semiconductor. lon and logr are the
maximum and minimum drain currents in the saturation regime respectively. Often

quoted as a ratio, the ON/OFF current ratio is a useful figure of merit particularly for
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logic circuits, where a high ON/OFF current ratio is needed to distinguish between

transistor on and off states effectively.

Surface characterisation techniques exist to assess various transistor layer
properties. Surface roughness, typically evaluated by atomic force microscopy
(AFM), plays an important role for the dielectric and semiconductor layers. AFM
allows taking surface images on a nanometre scale and the extraction of the root-
mean-square (RMS) surface roughness. Low dielectric surface roughness is
important for subsequent organic semiconductor deposition in the bottom-gate top-
contact architecture. In addition, Fourier-transform infrared spectroscopy (FTIR) and
contact angle goniometry (CAG) can be performed on the samples to provide a
greater insight into layer quality and surface properties. FTIR captures the response
from different vibrational modes that represent the molecular structure and molecular
interactions within the layer under investigation. CAG measurements provide
information about the wettability of a particular surface. Surface energies can be

calculated from the measured liquid/solid contact angles.

In conclusion, various figures of merit exist to evaluate the organic thin-film
transistor. The gate dielectric layer is characterised by its capacitance, leakage
current, breakdown voltage and surface roughness. In terms of OTFT performance,
the main figures of merit are threshold voltage, field-effect mobility, subthreshold
slope, ON-current and the OFF-current. To achieve good OTFT performance, careful
selection of the dielectric, semiconductor and contact materials including the
associated processing steps must be chosen as the various interfaces between the

layers affect parameters such as OTFT contact resistance.
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The focus of this thesis is on low-voltage organic thin-film transistors based
on air stable organic semiconductor DNTT; optimised in terms of its deposition to

provide transistor performance comparable with similar devices reported by others.

2.6 OTFT state of the art

The use of organic thin-film transistors in displays [16, 17], inverters [18,
19], amplifiers [20] and NAND or NOR logic gates [21] requires reduction in OTFT
operating voltages. Low operating voltage can be achieved through the use of ultra-
thin and/or high-k dielectrics. However, to attain high-performing transistors, such
dielectrics must also display very low leakage current. Various dielectrics such as
HfLao (k ~ 15.3) [22, 23], Ba; 2 Tipg03 (k ~ 15.57) [24], SrTiO3 (k ~ 12.1) [25] and
polymer dielectrics (k ~ 12.6) [26] have been implemented previously for low-
voltage OTFT operation. Another approach to low-voltage operation is through use
of thin layer medium-k dielectrics [27] such as aluminium oxide (AlOy) (k ~ 6.2)
[28]. Often, the aluminium oxide layer is functionalised with organic monolayers to
reduce the leakage current and surface energy [29] or coated with polymer layers
[30, 31]. However, such treatment leads to a slight reduction in dielectric capacitance
while maintaining low operating voltages. By modifying AlOy with polymer layers,
operating voltages as low as 6 V [30, 31] have been achieved. An improvement in
OTFT performance in terms of operating voltage comes from the use of SAMs. For
AlO dielectrics, the use of SAMs [32, 33] has led to a vast improvement in transistor

performance, notably V; and p [33]. Of the various SAMSs found in the literature, the
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alkyl phosphonic acids are the most widely used [34-37]. These have resulted in

operating voltages as low as 3 V [35-37].

One way to achieve ongoing improvement in OTFT field-effect mobility is
through careful choice of the organic semiconductor material. Recently, flexible
pentacene-based organic transistors featuring PMMA/PVP bi-layer gate dielectric
showed field effect mobility ~ 1.51 cm?/Vs [38]. However, due to poor pentacene
ambient stability resulting in detrimental OTFT performance [39], many groups are
moving towards DNTT [40-42] to benefit from a more air-stable organic
semiconductor. To date, OTFTs employing DNTT have achieved field-effect

mobility of ~ 2 cm?/Vs [42].

2.7 Electric polarisation

One of the most important concepts fundamental to understanding various
dielectric, ferroelectric and piezoelectric materials is how these materials respond to
an external electric field. Upon application of an electric field, the position of the
electrons is changed and the process of dipole formation follows. This is known as
polarisation. If diploes are already present in the material, then the existing diploes
will be re-aligned during the polarisation process as a result of the applied electric

field.

The total electric polarisation present in a material comes from a contribution
of different polarisation sources; electronic polarisation, ionic polarisation and

orientation polarisation. The contribution each has towards the total polarisation level
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is dependent upon the frequency of the applied electric field. Electronic polarisation
typically has the largest effect on the overall polarisation level and refers to the
electric dipole moment present. It relates to charge density displacement away from

the unit cell centre in the crystalline lattice [43].

In an already polarised material, if an electric field were to be applied in the
opposite direction to the polarisation, the polarisation direction can be changed to
match the direction of the applied field, in a reversible process known as polarisation

switching.

2.7.1 Linear dielectrics

A dielectric material is defined as one which is electrically insulating;
however application of an external electric field can cause it to become polarised.
Furthermore, if the molecular bonding within the particular dielectric is relatively
weak, not only does the dielectric become polarised, the molecules may reorient

themselves to the direction of the applied electric field.

There are two types of dielectrics: polar and non-polar. Polar dielectrics
possess randomly orientated permanent dipole moments in the absence of an electric
field, whereas in non-polar dielectrics the dipoles appear upon application of an

electric field only.

The practical exploitation of the polarisation is in capacitors. Polarisation

leads to an increase in a capacitor’s relative permittivity, i.e. the ability of the
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capacitor to store charge. Figure 2.8 shows a typical polarisation/electric field (P-E)

curve for a dielectric material.

Figure 2.8: Typical P-E curve for a linear dielectric material [44].

2.7.2 Paraelectric polarisation

Paraelectric materials possess the ability to become polarised under an
applied electric field regardless of whether the material features a permanent dipole
moment. Paraelectrics display a significant non-linear P-E behaviour and the
polarisation within a paraelectric material returns to zero if the electric field is

removed.

Figure 2.9: Typical P-E curve for a paraelectric material [44].
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Paraelectricity can occur in the presence of unaligned dipoles which have the
ability to align upon application of an external electric field. Figure 2.9 shows a

typical P-E curve for a paraelectric material.

2.7.3 Ferroelectric polarisation

Ferroelectric materials can display spontaneous polarisation without an
electric field being present. Although ferroelectric materials do not require an electric
field to become polarised, if a ferroelectric material is subjected to an electric field,
the spontaneous polarisation of the dipoles can be swapped to the opposite direction
if the electric field is reversed, leading to a typical polarisation-electric field

hysteresis loop shown in Figure 2.10.

When a ferroelectric material is heated above its Curie temperature (Tcurig),

it loses the ability to spontaneously polarise and it becomes a paraelectric material.

Figure 2.10: Typical P-E curve for a ferroelectric material [44].
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2.8 Ferroelectricity

Ferroelectricity is a property associated with ferroelectric materials. The term
ferroelectricity is analogous to ferromagnetism, where the material exhibits a
permanent magnetic moment. Referring to Figure 2.10, the polarisation direction
within ferroelectrics can be reversed by an electric field resulting in a useful

hysteresis loop.

An example of a ferroelectric crystal is lead zirconate titanate (PZT). PZT
features regions of uniform polarisation called domains. All dipoles within a
particular domain are aligned in the same direction. When grown, a ferroelectric
single crystal has several ferroelectric domains [45]. To create a single domain, a
high d.c. electric field must be applied to the sample in a process known as poling
that would align all domains in the direction of the electric field. In doing so, after
removal of the electric field, the material contains remanent polarisation and has the
ability to display piezoelectricity [46]. Ferroelectric materials belong to the class of
polar piezoelectrics and include materials such as polyvinylidene fluoride (PVDF),
polyvinylidene fluoride trifluoroethylene (P(VDF-TrFE) and PZT and as such, all

ferroelectric materials are piezoelectric.

Due to the P-E hysteresis associated with ferroelectrics, they are ideal for
memory-based applications. Through application of an electric field, the ‘stored’
polarisation of the ferroelectric capacitor can be read. The amount of charge required

to switch the cell to the opposite memory state is measured and determines the state
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of the cell. For memory-type applications, typically thin films of ferroelectric

materials are adopted to reduce the voltage required to switch the polarisation state.

2.9 Piezoelectricity

The name piezoelectricity derives from the Greek word “piezo” meaning to
press, and can roughly be translated as pressure-electricity. It relates to materials
whereby upon application of mechanical stress an electric charge is generated. This
charge can be appropriately harnessed to produce a voltage, useful for a whole host
of applications from hydrophones [47] and shock transducers [48] to pressure sensors

[49, 50].

Piezoelectricity was first discovered in materials such as zincblende and
quartz in the late nineteenth century by the Curie brothers, Pierre and Jacques.
Historically, the main application of the piezoelectric effect in quartz was for
accurate timekeeping, lending a major advantage over the other available methods at
the time. The real breakthrough in the field of piezoelectricity came in 1969 by
Kawai [51] with the unearthing of a strong piezoelectric response in the polymer
polyvinylidene fluoride (PVDF). The discovery of PVDF’s response to mechanical
force opened up a variety of new applications where mechanical flexibility was a key

requirement, for example for robotic applications and smart sensor-based systems.

A material is defined to be piezoelectric if it can be polarised by both an
electric field and through application of mechanical stress. Piezoelectric materials

can broadly be split into two distinct categories: polar and non—polar materials. All
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ferroelectric materials fall into the polar piezoelectric material category since they

possess a net dipole moment even when no external electric field is applied.

Piezoelectric materials display a piezoelectric effect; i.e. the material
generates an electric charge as a result of a stress/force applied to its surface. Upon
application of mechanical stress to a piezoelectric material, dipoles are created by
separating the positive and negative molecular charges and a fixed charge
momentarily appears on the surface of the material. Hence, from an application
perspective, piezoelectric materials are excellent at sensing changes in force, but are
not particularly suitable for static force sensing without additional circuitry to

account for the inherent charge leakage effects within the piezoelectric.

The generated surface charge under standard short circuit conditions is
proportional to the applied force (Equation 2.16), where Q is the charge developed,

dss is the piezoelectric coefficient of the material in C/N and F is the applied force.

Q < dss X F (2.16)

2.10 Pyroelectricity

In general, piezoelectric materials also display pyroelectric properties, i.e.
they generate charge/voltage when subjected to a thermal contact or temperature
change. The change in temperature affects the position of the atoms within the
crystalline structure, modifying the material’s polarisation properties. The change in

polarisation results in generation of a voltage across the pyroelectric material.
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Similarly to the piezoelectric effect, application of a static temperature results in the

gradual reduction of the pyroelectric voltage due to charge leakage effects.

By combining the effects of piezo- and pyroelectricity, sensors can be created
capable of detecting simultaneously changes in force and temperature. However, a

challenge exists in being able to separate the two effects from one another.

Equation 2.17 describes the pyroelectric charge developed under short circuit
conditions where ps is the pyroelectric coefficient (material dependent) in C/m?K and

AT is the temperature change.

Q0 « ps X AT (2.17)

2.11 Ferroelectric polymers

Ferroelectric polymers belong to the class of crystalline polar polymers that
exhibit a permanent electric polarisation. This polarisation can be reversed or
switched when subjected to an electric field. Ferroelectric polymers are particularly
suitable for many applications since they often exhibit high dielectric constants,
strong piezoelectric and pyroelectric effects, and low acoustic impedance close to
that of water and human skin [52]. Two commonly adopted ferroelectric polymers
found in several applications are polyvinylidene fluoride (PVDF) and its copolymer
polyvinylidene fluoride trifluoroethylene (P(VDF-TrFE)). Applications using PVDF
or the copolymer material include actuators [53, 54], sensors [55, 56] and non-
volatile memory [57]. The main advantage of using piezoelectric polymers

particularly for sensing applications is their inherent mechanical flexibility, allowing
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them to conform to a number of different surfaces and fulfil many unique

applications.

2.11.1 Polyvinylidene fluoride (PVDF)

Polyvinylidene fluoride (PVDF) is the most commonly used ferroelectric
polymer. It is a highly non-reactive semicrystalline fluoropolymer formed by the
polymerisation of vinylidene difluoride containing linear chains arranged in a (CH,-
CF,), sequence. PVDF and its copolymer (P(VDF-TrFE)) are well understood and
extremely promising for many applications as a result of being deposited using
conventional methods such as spin-coating from solution. PVDF and in particular
P(VDF-TrFE) are flexible, have high mechanical strength, display good chemical

stability, and show high levels of spontaneous polarisation.

PVDF polymers commonly display four crystal structures (o, B, v and 9),
depending on the phase separation and crystallisation process [58] as well as the
evaporation rate of the solvent when PVDF is formed from solution [59]. Figure 2.11
shows the chemical structure of PVDF in the a-phase (left-hand side) and B-phase

(right-hand side).

By physically stretching the PVDF polymer, the ~ 50 % crystalline phase can
be transformed from the thermodynamically stable a-phase into the f-phase in which
the PVDF polymer chains adopt the planar zig-zag structure as shown in Figure 2.11
and are ordered in a quasi-hexagonal lattice [60]. Due to the difference in

electronegativity between the fluorine and hydrogen atoms, a large dipole moment
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perpendicular to the chain direction occurs. In the initial state, the dipoles are aligned
in randomly oriented domains. The planar zig-zag structure and atomic arrangement
in the B-phase provides stronger packing density and displays more dipolar

alignment resulting in strong piezoelectric properties after poling [61, 62].

. Carbon . Fluorine @  Hydrogen

Figure 2.11: Structure of PVDF a-phase (LHS) and B-phase (RHS).

Every PVDF chain has a combination of negatively charged fluorine atoms
and positively charged hydrogen atoms known as a dipole. The dipoles are strongly
bonded to the carbon molecules and the polymer crystal structure controls their
orientation. Dipole orientation determines which PVDF structures are piezoelectric.
For example, PVDF’s B-phase is distinctly polar due to the arrangement of fluorine
and hydrogen atoms. The structure shows a net dipole moment due to the well-
aligned nature of the dipoles within the carbon backbone and within the crystal itself,

resulting in a large spontaneous polarisation [61, 63].

In the virgin B-phase state, the overall net charge is zero as a result of the
random dipole arrangement. However, upon application of an external electric field

applied across the material, the randomly orientated dipoles align resulting in a net
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positive charge in a process known as poling. This process is used to induce

piezoelectric and pyroelectric properties within the PVDF film. Figure 2.12 shows

the dipole alignment of B-phase PVDF before and after poling.
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Figure 2.12: Alignment of dipoles within f-phase PVDF before (LHS)
and after poling (RHS).

To achieve successful poling of PVDF, electric fields ~ 100 V/um are
required often at elevated temperature to convert 3-phase PVDF from its non-polar to
polar form. Once poled, the B-phase remains stable and polarisation is only removed
from the film if heated to a temperature above Tcurie. PVDF displays a relatively
high Curie temperature of ~ 195 °C [64] above which, the material loses its

polarisation and becomes paraelectric.

In its poled state, PVDF displays remarkable piezoelectric and pyroelectric
properties, with a piezoelectric coefficient (ds3) of ~ -32.5 pC/N [65] and a
pyroelectric coefficient (ps) ~ 25 C/m?K [66]. The piezoelectric coefficient value
quoted for PVDF is significantly lower than the equivalent constant for PZT (ds3 =
117 pC/N) however PVDF’s much lower & value makes it a far more suitable

material for tactile-based devices [67].

2.11.2 Polyvinylidene fluoride trifluoroethylene (P(VDF-TrFE))
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Polyvinylidene fluoride — trifluoroethylene (P(VDF-TrFE)) is the copolymer
formed from PVDF and poly(trifluoroethylene) (PTrFE), examples of homopolymers
containing only a single repeating unit in their polymer chains. Similarly to PVDF,
P(VDF-TrFE) exhibits four types of crystalline phase, a, B, y and 6. Among the four
phases, the [B-phase is the only polar phase exhibiting a large spontaneous
polarisation, therefore rendering it the most valuable to investigate the piezoelectric
response. Figure 2.13 shows the P(VDF-TrFE) copolymer B-phase crystal structure.
One of the main advantages of using P(VDF-TrFE) rather than PVDF is the ability of
the copolymer to crystallise directly to the f-phase. PVDF on the other hand often
requires an additional mechanical stretching step to change its phase from a to . If

necessary, different processing techniques can be used to alter the crystalline phase
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of the polymer.

Figure 2.13: Schematic of P(VDF-TrFE) B-phase crystal structure.

Similarly to PVDF, P(VDF-TrFE) must be poled using an electric field to
induce the piezo/pyro-electric properties within the film. Like PVDF, typical

voltages of ~ 100 V/um applied at elevated temperature would be sufficient to
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effectively pole the copolymer material. However, P(VDF-TrFE) displays lower

Curie temperature of ~ 110°C [68] compared to ~ 195°C for PVDF.

P(VDF-TrFE) displays a piezoelectric coefficient of —33.5 pC/N [69] which
Is slightly greater than the equivalent coefficient associated with PVDF (-32.5 pC/N)
[65]. The slightly higher piezoelectric coefficient is another advantage of the

copolymer material as it provides greater sensitivity for dynamic force sensing.

Figure 2.14 shows typical hysteresis loops for P(VDF-TrFE) produced using
three similar poling patterns. The existence of P-E hysteresis leads to a highly non-
linear capacitance-voltage dependence (see Figure 2.15), where the capacitance
peaks effectively indicate the electric field required to reverse the polarisation, i.e.

the coercive voltage.
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Figure 2.14: Typical hysteresis loops for P(VDF-TrFE) [70].
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Figure 2.15: P(VDF-TrFE) capacitance density as a function of applied
voltage [43].

2.12 Piezoelectric oxide semiconductor field-effect

transistor (POSFET)

So far this chapter introduced the two component parts (OTFT and
ferroelectric capacitor) required to create a sensor capable of detecting force or
temperature changes through piezoelectricity or pyroelectricity. One method often
used to connect a sensor device with a transistor for signal amplification is to use the
extended gate approach. Using a contact electrode, a ferroelectric material such as
PVDF or its copolymer can be deposited directly onto the metal layer. Through
application of force or temperature to the sensor layer and by careful biasing of the

transistor, force or temperature changes can be used to control the action of the
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transistor. This results in a change in Vgs which in turn modulates transistor drain
current. Changes in Ip with the stimulus of interest can be evaluated. Formerly, a
P(VDF-TrFE)-based pyroelectric sensor has been integrated with a polysilicon thin-
film transistor using a multi-foil approach featuring an extended gate to monitor
dynamic changes in ambient temperature through the pyroelectric effect [71]. Figure

2.16 shows the approach adopted.

pyro-capacitor
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Figure 2.16: Scheme of the polyimide platform with the pyroelectric sensor

and the polysilicon based readout electronics made using a
multi-foil approach. [71].

Previously, a ferroelectric sensor based on polymer P(VDF-TrFE) has been
integrated with a CMOS field-effect transistor (FET) to create a device called a
piezoelectric oxide semiconductor field-effect transistor (POSFET) [13]. The
advantage of the POSFET device over the extended gate approach is the P(VDF-
TrFE) layer is directly deposited onto the transistor gate, which in turn modulates
transistor Ip. By depositing the ferroelectric layer directly onto the metal gate,
unwanted cable capacitances can be avoided. The POSFET allows for sensing and

processing of pressure signals in-situ at the same site. To date, the POSFET device
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has largely been exploited for pressure monitoring. The POSFET relies on the
piezoelectric response of P(VDF-TrFE) to modulate transistor drain current, where
the charge developed on the transistor gate is proportional to the compressive force

applied (Equation 2.17). Figure 2.17 shows the schematic of the POSFET device.
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Figure 2.17: POSFET touch sensing device [13].

2.13 Summary

This chapter presented background information on the organic thin-film
transistor (OTFT) and introduced ferroelectric materials including ferroelectric
polymers suitable for the development of large-area temperature and force sensors.
The focus was on OTFTs because their attributes make them a suitable candidate for
future flexible sensors. The aim of this research is to employ low-voltage OTFTs
with bi-layer dielectric, consisting of thin aluminium oxide and alkyl phosphonic
acid monolayer, and DNTT. Although such bi-layer dielectric has been used
previously, further optimisation of the organic monolayer is needed and transistors

with DNTT had to be developed. In addition, the OTFT fabrication procedure must
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be transferred to plastic foils to take a first step towards future flexible sensors.
Furthermore, the marriage of the OTFT with P(VDF-TrFE) provides new
opportunities for harvesting the ferroelectric properties of the copolymer and a
design of novel force and temperature sensors. The next chapter describes the
experimental details of this approach that ultimately led to the development of the

P(VDF-TrFE)/OTFT sensor based on the POSFET concept.
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Chapter 3

Methodology

This chapter introduces the fabrication process used to create the organic
thin-film transistor and P(VDF-TrFE) ferroelectric capacitor. Furthermore, it
explains the measurements carried out on the devices to evaluate their electrical
performance. Section 3.1 describes the fabrication process developed to create OTFT
and MIM structures, while section 3.2 introduces the characterisation techniques
used to gain an insight into transistor performance. Section 3.3 discusses the
measurement protocols used to investigate the performance of metal-insulator-metal

(MIM) structures. These latter two sections also explain how various device
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parameters were extracted from the measurements. Section 3.4 describes the P(VDF-
TrFE) capacitor fabrication protocol. Measurement procedures for the P(VDF-TrFE)
capacitor are described in Section 3.5. Finally, Section 3.6 explains the procedure

developed to couple the P(VDF-TrFE) capacitor to the OTFT.

3.1 Fabrication: OTFT and MIM structures

The OTFT fabrication adopts a previously developed process [72] whereby
every single transistor layer, be it a metal or organic material, is deposited by thermal
evaporation in vacuum. The only technique performed in ambient environment is the
oxidation of aluminium that leads to aluminium oxide formation. This is carried out
in an ultraviolet (UV) ozone cleaner enclosed under a Hepa filter to remove any
potential contaminants. The ozone system contains a low-pressure quartz mercury
lamp that emits UV light at ~ 185 and 254 nm wavelengths, which results in the
formation of ozone. Ozone (O3) is a strong oxidiser and the exposure of Al to O3

leads to the formation of aluminium oxide (AlOy) on the surface of Al [73].

The transistor structure is shown in Figure 2.2 (a). All thermal evaporation
steps were performed in Mini-Spectros (Kurt J. Lesker) organic thin-film deposition
high vacuum system enclosed within a nitrogen-filled glove box (Jacomex) to reduce
oxygen and moisture. The base pressure of the Mini-Spectros chamber is ~ 107
mBar and the glovebox ensures O, and H,O content is less than 1 particle-per-
million (ppm). The system is operated by a computer coupled with a programmable

logic controller (PLC) unit, whereby various recipe conditions such as layer
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thickness, deposition rate and deposition temperature can be manually adjusted.
Metal and organic materials for evaporation in pellet or powder form are loaded into
individual crucibles and thermally evaporated. Organic materials were evaporated
from 1 cm®-sized crucibles. Each evaporation step makes use of Kapton or steel
shadow masks. These are aligned subsequently, and care must be taken throughout

the fabrication process to ensure accurate layer-to-layer alignment.

The first step in the OTFT fabrication process is preparation of the chosen
substrate. This could be glass, but this discussion focusses on the preparation of PEN
plastic film. (Incidentally, the process used to prepare a glass substrate is almost
identical.) In order to prepare the PEN substrate, the film is first cut to a size of 7.5
by 7.5 cm?. This is followed by cleaning the plastic by immersing it in sonicated
acetone for 25 minutes. Afterwards, the substrate is rinsed in methanol and deionized
(DI) water and dried with a nitrogen gun. Some substrates underwent a pre-treatment
step involving thermal annealing. The substrate is then loaded into the evaporation

chamber pumped down to 1-2x10"" mBar.

The first OTFT layer is 30-nm-thick aluminium (Al) (99.999% purity) to
create gate lines. This is followed by a 20 nm layer of Al and 20 nm of Au
evaporated at one end of each gate line (away from the transistor island) to provide a
gate contact during the transistor measurement. This 20 nm of Al followed by 20 hm
of Au produces a 40 nm-thick gate contact. During the 40-nm Al/Au evaporation at
one end, the rest of the 30 nm-thick Al gate line is shielded to prevent metal
deposition. Au is used because it does not oxidise during the oxidation of the Al gate
line. Afterwards, the sample is exposed to UV/ozone for 60 minutes to oxidize the Al

gate lines (with the exception of the areas covered by Au). This oxidation produces
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about 7-nm-thick AIO, [74]. To increase the oxide thickness, an additional 12 A of
Al is deposited on top of the AIOx followed by another 60-minute UV/ozone
exposure. By increasing the oxide thickness, the dielectric capacitance per unit area
is reduced marginally, but the leakage current through the dielectric is suppressed.
The total thickness of AIO, is ~ 9.5 nm. This value has been determined using a
spectroscopic ellipsometry technique performed on a number of samples fabricated

via an identical process.

AlOy forms the bottom part of the bi-layer gate dielectric. In the next step the
AlOy is functionalised with a monolayer of phosphonic acid (C,PA), (n = 8, 10, 12,
14, 16 or 18). The C,PA monolayer is prepared by vacuum evaporation in a two-
stage process. Firstly, ~9 monolayers of C,PA using carefully selected deposition
rates and timings are thermally evaporated onto the AlOy layer. This is followed by a
3-hour anneal at 160°C in vacuum. Annealing removes all physisorbed molecules
and improves the structure of the monolayer [72]. This completes the preparation of
the AIO,/C,PA bi-layer dielectric. In all experiments performed, some gate lines
were fully shielded during the C,PA evaporation to provide a bare-AlOy dielectric as

a reference.

Evaporation of the organic semiconductor layer is the next stage in the
fabrication process. A 15 to 20 nm thick dinaphtho[2,3-b:2',3'-f]thieno[3,2-
b]thiophene (DNTT) layer is deposited at room temperature. DNTT was used as
purchased (Sigma Aldrich). The transistors are completed by the thermal evaporation
of 50-nm-thick Au (99.99%) source and drain contacts through a shadow mask.

Figure 3.1 summarises the OTFT fabrication process flow.
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OTFT and metal-insulator-metal (MIM) structures were fabricated side-by-
side on a single substrate. The MIM fabrication procedure followed an identical
process to the OTFT one, except MIM structures omitted the organic semiconductor

layer. The MIM structures were completely masked during the DNTT evaporation.
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Figure 3.1: OTFT fabrication process flow.

3.2 Measurement: OTFTs

Measurement of OTFTs was performed using Agilent B1500A
semiconductor parameter analyser. A probe station (Signatone) was used to make
contact with the samples, and a digital microscope provided high-resolution images
of the samples for good probe-to-device contact. The probes are held in place by

vacuum and are capable of fine movement adjustment in the x, y and z directions.
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Figure 3.2 shows a photograph of the measurement setup, featuring the

semiconductor parameter analyser and the attached probe station.

Figure 3.2: Device characterisation equipment. Photograph shows Agilent
B1500A semiconductor parameter analyser and probe station.

OTFT output and transfer characteristics were measured in a sweep mode and
the details are explained in Sections 3.2.1 and 3.2.2. Section 3.2.3 explains the bias
stress procedure that allows evaluation of long-term transistor stability. Finally, the

OTFT degradation caused by ambient conditions is discussed in Section 3.2.4.

3.2.1 Output characteristics

The OTFT output characteristic plots the drain current (Ip) against drain-to-
source (Vps) voltage for fixed gate-to-source (Vgs) Vvoltages. Each output
characteristic depicts the transistor in both the linear and saturation regimes. Figure

3.3 shows an example of output characteristics.
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Figure 3.3: OTFT output characteristics for Vps of (-) 0,0.5,1, 1.5and 2 V.

3.2.2 Transfer characteristics

The transfer characteristics measure the transistor drain current (Ip) as a
function of the gate-to-source voltage (Vgs), for a set of drain-to-source voltages
(Vbs). Vps was fixed at —0.1 V and —2 V to capture the transistor behaviour in the
linear and saturation regimes respectively. An example of measured OTFT transfer
characteristics is shown in Figure 3.4, where Vgs is swept from 0.5 to -2 V. On a
number of occasions, Vgs was initially swept from 0.5 to —2 V and then back again

from -2 V to 0.5 V to investigate hysteresis.

Field-effect mobility in the linear regime, (|Vps|<|Ves-V4), can be obtained by
rearranging Equation 2.12 [15]. Equation 3.1 gives the expression for mobility in the

linear regime.

b = (37%) -, (3.1)

- w
CTVDS
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Figure 3.4: OTFT transfer characteristics for linear (Vps = -0.1V) and

saturation (Vps = —2 V) regimes.

In the saturation regime (|Vps| > |Ves - Vi), the expression for field-effect

mobility is found by rearranging Equation 2.14 as follows [15]:

6\/ID)2 . 1

Hsat = (% (3.2)

where C is dielectric capacitance per unit area in F/cm?, W is transistor channel width

and L is transistor channel length. Field-effect mobility (l1) has units of cm?/Vs.

Various OTFT parameters can be extracted from the transfer characteristics.
For Vps = —0.1 V the threshold voltage and field-effect mobility in the linear region
can be extracted. Furthermore, from the saturation regime (Vps = -2 V), in addition
to the threshold voltage (V) and field-effect mobility (), the subthreshold slope (S),
ON (lon) and OFF (logr) currents, ON/OFF current ratio (lon/lorr), and gate leakage
current (Ig) can be extracted. This chapter will describe how to extract such

parameters and explain their significance.
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3.2.2.1 Threshold voltage and field-effect mobility

The two most important OTFT parameters are the threshold voltage (V+) and
the field-effect mobility (). In the linear regime the mobility is extracted from the
plot of I against Vgs using Equation 3.1. Conversely, in the saturation regime, the
mobility is extracted from the plot of VIp against Vs using Equation 3.2. Figures 3.5

and 3.6 depict the procedure.
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Figure 3.5: Extraction of the slope and threshold voltage for linear regime
(VDS =-0.1 V)
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Figure 3.6: Extraction of the slope and threshold voltage for saturation

regime (Vps =-2.0 V).
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After finding the steepest slope on the curve, the intercept of the slope on the

x-axis is the threshold voltage, V..

3.2.2.2 Subthreshold slope

The subthreshold slope is found in the subthreshold region on the transfer
characteristics curve, and it is the region where the drain-current increases
exponentially as a function of the gate-to-source voltage. It is extracted by plotting
the logarithm of Ip against Vgs in the saturation regime (Figure 3.7), and taking the
inverse of the steepest slope. Equation 3.3 describes the subthreshold regime. S

typically has units of mV/decade.

s= [ (ogolil| 33
= [57= Gogaolinl| (33)

log (1ol)

-14 4 + + +
-2 -1.5 -1 -0.5 0
Gate-to-source voltage Vg (V)
Figure 3.7: Extraction of subthreshold slope from the saturation regime

transfer characteristic.
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3.2.2.3 ON and OFF currents

For the saturation region only (Vps = -2 V), the ON and OFF currents are
defined as simply the maximum and minimum values of Ip respectively. Normally,
the ON and OFF currents are quoted for transistors with similar channel dimensions
to provide an accurate comparison. The ON/OFF-current ratio is the ratio taken by
dividing the values of lon and logr and is often quoted as a useful figure of merit
when analysing OTFT performance, particularly when used in logic circuitry where a

high ON/OFF-current ratio is crucial.

3.2.2.4 Leakage current

The transistor gate current is often referred to as the leakage current. This
thesis quotes the value of gate current (Ig) at the maximum gate and drain voltages

(e.g. Vgs = Vps =2 V)

3.2.3 Bias stress

An established procedure that allows investigation of the long-term electrical
stability of the organic thin-film transistor is the bias stress measurement. Bias stress
presented in this thesis involves biasing the transistor gate at Vgs = Vstress = 2 V
for an extended period of time whilst grounding the source and drain electrodes.

Applying bias to the gate electrode introduces charge carriers in the transistor
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channel that can be trapped into the existing localised electronic states. Prolonged
application of the gate bias leads to changes in transistor performance. The primary
effect of the bias stress is an increase in the threshold voltage and the associated
decrease in the ON current. However, field-effect mobility and subthreshold slope
can also be affected.

The bias stress process is paused at regular time intervals and the OTFT
transfer characteristic in the saturation regime (Vps = —2 V) is measured. Each
transfer characteristic allows extraction of all OTFT parameters using the procedures
described above. Consequently, changes in transistor parameters can be monitored as
functions of bias stress time. Changes in OTFT parameters with increasing bias stress
time can be fitted with stretched-exponential functions. Equation 3.4 gives an
example function for fitting changes in transistor threshold voltage as a function of

the bias stress time.
_<L>’“’t
AV, = [V (@) = Ve (0)] = [Vi(0) =V (0)]. [1— e \ V¢ (3.4)
Here, AV, is the threshold voltage shift, V; (t) is the threshold voltage after t seconds
of bias stress, Vi (0) is the initial threshold voltage before the application of bias, V;

() is the equilibrium threshold voltage after prolonged application of bias, 7y IS a

time constant and . is the stretching parameter, where (0 < S\ < 1).

3.2.4 Environmental ageing
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In addition to investigating the transistor’s transfer characteristics and bias
stress performance, it can be useful to look at how well the transistor retains its
performance with time. OTFT behaviour after residing under varied environmental

conditions can be assessed and compared to the as-fabricated devices.

The most widely used organic semiconductor in recent years for use in
OTFTs has been pentacene [75-77]. Pentacene can provide OTFTs with field-effect
mobility of ~ 0.7 cm?/Vs [77]. However, pentacene is known to degrade in ambient
atmosphere, due to the oxidation of its central benzene ring [78]. Transistors with

DNTT on the other hand show remarkable ambient stability [79].

3.3 Measurement: MIM structures

Measurement of metal-insulator-metal (MIM) structures was carried out
using the Agilent B1500A semiconductor parameter analyser. Capacitance as a
function of frequency (C-f) and current voltage dependence (I-V) were measured on
all MIM structures to assess the dielectric layers. Furthermore, the capacitance data

was used to estimate the thickness of the phosphonic acid monolayer.

3.3.1 Capacitance

MIM capacitance was measured as a function of a.c. frequency between 1
kHz and 1 MHz by applying a sinusoidal voltage of 100 mV peak-to-peak and a DC

bias of -1 V to the Au electrode. Figure 3.8 shows an example of such a
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measurement. The frequency range investigated provided a relatively flat capacitance

value that started to drop-off for frequencies higher than 300 kHz.
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Figure 3.8: MIM capacitance as a function of a.c. frequency.

3.3.1.1 Dielectric capacitance per unit area

Figure 3.8 displays the capacitance of a typical MIM device. The capacitance
per unit area is found by extracting the dielectric capacitance of the MIM structure at
a chosen frequency (2 kHz) and dividing it by the contact area. Mean capacitance

values and standard deviations are calculated for various MIM structures.

Each transistor sample contains the corresponding MIM structures with bare-
AlO, and AIO,/C,PA dielectrics. By obtaining capacitance data for each, the
capacitance of the phosphonic acid layer can be established as follows. If the

capacitance of the bi-layer is labelled Cgie, and the bare-AlOy layer capacitance
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Caiox; then Ccppa can be found by rearranging the expression for capacitors in series:

1/Cgiet = 1/Chiox + 1/Ccnpa.

3.3.1.2 Thickness of alkyl phosphonic acid monolayer

The MIM and OTFT dielectric bi-layer is composed of AlOx and C,PA layers
that have different thicknesses. The thickness of C,PA (dcnpa) can be found from
Equation 3.5 by applying a value of 2.1 [80] for the relative permittivity of C,PA
regardless of alkyl chain length (e). & is the permittivity of free space and has a

value of 8.85 x 102 F/m.

denpa = €0€r/Cenpa (3.5)

3.3.2 Leakage current density

To evaluate the leakage current of the dielectric layer, current-voltage (1-V)
measurements are performed on the MIM structures. The chosen voltage range is —3
V to +3 V even though the maximum voltage used in OTFT operation is —2 V. The
voltage is swept as indicated in Figure 3.9. To obtain the leakage current density, the
measured current is divided by the MIM area. Figure 3.9 shows a typical current-

voltage measurement for AIO,/CgPA bilayer.
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Figure 3.9: MIM current density as a function of Al-to-Au voltage.

3.4 Fabrication: P(VDF-TrFE) capacitors

Fabrication of P(VDF-TrFE) capacitors involves different fabrication steps

that are outlined in this section. The fabrication procedure is outlined in [81].

3.4.1 P(VDF-TrFE) deposition

The P(VDF-TrFE) capacitor has the structure of a parallel plate capacitor;
where the copolymer layer of P(VDF-TrFE) is sandwiched between two metal
electrodes. The metal contacts chosen in this instance are Al and Au for the bottom
and top contacts respectively. Both metals are thermally evaporated. The completed

capacitor has an active sensing area of 25 mm?, with a P(VDF-TrFE)-layer thickness
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of ~ 2.5 um determined using a Dektak stylus profiler. The capacitors are fabricated
on a rigid silicon substrate to be compatible with cleanroom fabrication procedures.
The silicon wafer plays no role in the device performance, and future work will
exchange the silicon wafer for a PEN foil substrate to achieve the mechanical

flexibility required for a useful tactile sensor.

Ferroelectric copolymer P(VDF-TrFE) was deposited by spin-coating. A 10
wt.% solution of P(VDF-TrFE) (70:30) copolymer was used. The solution was
prepared by mixing P(VDF-TrFE) in pellet form (Piezotech, France) in RER500
solvent (Fujifilm, Japan) and mixing for 4 hours at 80 °C on a hotplate with magnetic
stirrer. The spin-coating was performed on the aluminium bottom contact in three
steps. In the first two spin steps, both the spin rate and spin time were low (500 rpm
for 2 seconds followed by 600 rpm for 8 seconds) to allow uniform spreading of the
solution. The final spinning step was performed at 3000 rpm for 30 seconds. This
procedure led to P(VDF-TrFE) thickness of ~ 2.5 pm. Film thickness is
predominantly dictated by the spin speed in addition to the molar concentration of

P(VDF-TrFE) solution.

3.4.2 P(VDF-TrFE) annealing process

The P(VDF-TrFE) layer deposited by spin coating was thermally annealed at
120 °C (temperature above Tcurie ~ 110°C) for three hours to remove any excess
solvent from the film and to induce crystallisation of the polymer material. The
anneal temperature of 120°C was chosen to lie between the Curie (110°C) and

melting temperatures (150°C) of P(VDF-TrFE) [68]. Annealing within this
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temperature range greatly improves the opportunity for the film to crystallise in the
favourable B-phase thereby enhancing the piezoelectric properties of the P(VDF-
TrFE) film [68]. The thermal energy provided via the annealing process enables the
P(VDF-TrFE) polymer chains to reorient themselves and form a more favourable
crystalline structure upon cooling. After annealing, the Au top contact of the sensor

is thermally evaporated to complete the capacitor structure.

3.4.3 P(VDF-TrFE) poling procedure

To induce the preferential orientation of the permanent dipoles and the
piezoelectric effect, the process of poling is required. Poling is performed by
applying a high DC electric field across the material in a specific direction. In order
to reduce the electric field required, poling can be carried out at elevated temperature
[82]. However, this so called thermal poling requires a temperature lower than Curie
temperature, to maintain the piezoelectric properties of P(VDF-TrFE). A temperature
of 80°C was chosen for this purpose. At 80°C, an electric field strength of ~ 80 V/um
is adequate to polarise the P(VDF-TrFE) capacitor. Therefore, a maximum voltage of
240 V was chosen for the 2.5 um-film. To avoid sparking during the poling
procedure, the voltage was applied to the sensor in 40 V increments and held for 10
minutes at each stage. Prior to each subsequent voltage application, the device’s

contacts were shorted for 5 minutes.

The final part of the procedure relates to the contacts chosen for the
piezoelectric material’s top and bottom electrodes. It can be advantageous to choose

a chemically inert metal such as gold (Au) for the top contact since it is less likely to
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react with the piezoelectric polymer. On the other hand, metals such as gold can
quite easily diffuse into polymer films, which can result in increased leakage current
when very thin films of piezoelectric polymer are used in devices and as such a
trade-off exists between choice of contact material and polymer layer thickness.

Figure 3.10 shows the completed P(VDF-TrFE) capacitor.

(b) Gold (Au)
P(VDF-TrFE)
Aluminum (Al)

Silicon

Schematic of the cross-sectional
view of the sensor

srserasnsasasnnnsas]

Figure 3.10: Fabricated P(VDF-TrFE) capacitor withAl and Au electrodes (a)
Capacitor cross-sectional view (b).

Connecting wires for top and
bottom electrodes to pads

3.5 Measurement: P(VDF-TrFE) capacitors

3.5.1 Current-voltage (1-V)

Leakage current through the capacitor was measured by performing current-
voltage (I-V) measurements between 0 to 1 V, and quoting the current value at a
voltage of 1 V. Voltage was applied to the top (Au) electrode whilst grounding the

Al bottom electrode. Figure 3.11 shows the I-V measurement.

62



7
< 61
S 54
)
c 47T
o
5 37
O
- 2 T
2
s 11
(9]
0 t t t t
0 0.2 0.4 0.6 0.8 1
Voltage (V)
Figure 3.11: I-V measurement of P(VDF-TrFE) capacitor.

3.5.2 Capacitance-voltage (C-V)

Capacitance-voltage (C-V) measurements were performed between -5 and +5
V at a frequency of 2 kHz in a sweep mode to investigate hysteresis. Figure 3.12

shows a C-V measurement on a fresh P(VDF-TrFE) capacitor.
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Figure 3.12: C-V measurement at 2 kHz of P(VDF-TrFE) capacitor.
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3.5.3 Static capacitive response

A normal compressive force ranging from a few tenths of Newton to 9 N was
applied to the P(VDF-TrFE) capacitor at room temperature using a precision linear
stage controlled with a stepper motor (Zaber Technologies). Figure 3.13 shows the
capacitor mounted on a glass slide in the linear stage. Force was applied in the
direction normal to the surface using a custom-designed Teflon probe. The probe was
designed to provide a contact area of 2 mm x 6 mm and was able to compress 40 %

of the capacitor’s active area.

| —
"

-

-

Figure 3.13 P(VDF-TrFE) capacitor mounted on glass slide for force
measurements. Photograph shows linear stage, Teflon probe and
load cell setup.

P(VDF-TrFE) capacitance at 2 kHz was measured for a range of compressive
forces from O N to ~ 9 N, with the exact force application being recorded in real-time

by a load cell (Omega). Capacitance was extracted after the force had stabilised.
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The response of the P(VDF-TrFE) capacitor to static temperature was
assessed by subjecting the sensor to various temperatures for 5 minutes and
measuring the capacitance. A Peltier element controlled by a PID (KamVIEW) was
used to vary the temperature of the ferroelectric between 15 to 47 °C. Every 2°C, the
capacitance was extracted. No force was applied to the P(VDF-TrFE) capacitor

during the temperature investigation.

Figure 3.14 shows the P(VDF-TrFE) capacitor mounted on a glass slide on a
Peltier element. A thermally conductive paste was used to secure the glass slide to

the Peltier surface, and allowed for even distribution of heat.

Figure 3.14 P(VDF-TrFE) capacitor mounted on glass slide for temperature
measurements. Photograph shows Peltier element housed within a
vacuum chamber.

3.5.4 Dynamic piezoelectric and pyroelectric responses

Once poled, the P(VDF-TrFE) capacitor is capable of responding to dynamic

pressure and temperature as a result of its inherent piezoelectric and pyroelectric
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properties. These events can be monitored in real time using an oscilloscope, where
the additional charge generated as a result of the force/temperature change is
translated as a voltage at the output. However, the induced piezo/pyroelectric charge
decays quickly, and therefore, a charge amplifier must be employed. A charge

amplifier built by another PhD student was used in a few instances.

Once connected to an OTFT, the ferroelectric’s piezo/pyro-electric response
can be measured in terms of a change in transistor output voltage that is monitored
with an oscilloscope. One disadvantage of using ferroelectric materials for dynamic
force/temperature monitoring is the difficulty to separate the piezoelectric response

from the pyroelectric one.

3.6 P(VDF-TrFE)/OTFT sensor

The process of coupling the P(VDF-TrFE) capacitor to the organic thin-film
transistor to produce the sensor initially adopted a relatively simple approach. In the
first instance, the P(VDF-TrFE) capacitor and OTFT were fabricated on separate
clean silicon and glass substrates respectively. Furthermore, the completed capacitor
was mounted on a glass slide for ease of use and compatibility with the force testing
equipment. The glass slide played no role in device operation. After fabricating the
two devices, a short piece of gold wire (~ cm’s) was used along with highly
conductive silver paste (Agar Scientific) to connect one of the sensor electrodes (Al
or Au) to the gate of the organic transistor. The length of gold wire was kept to a

minimum to reduce its resistance. In this fashion, the force and temperature could be
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applied to the P(VDF-TrFE) capacitor only without affecting the transistor. Figure
3.15 shows the schematic of the capacitor’s Au electrode connected to the OTFT

gate via gold wire.

Figure 3.15 P(VDF-TrFE) capacitor and OTFT connected via gold wire. Circuit
shows the sensor Au contact connected to OTFT gate.
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Chapter 4

Effect of alkyl phosphonic acid
length on OTFT performance

This chapter focusses on the organic part (C,PA) of the OTFT’s dielectric bi-
layer and compares phosphonic acids with different aliphatic tail length with the aim

to optimise OTFT performance and improve its long term electrical stability.

The outline of the chapter is as follows. The aim of the work is introduced in
Section 4.1, with the experimental procedures described in Section 4.2. Section 4.3

provides results from various measurements performed on different samples for
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material and electrical characterisation, as well as organic thin-film transistor
parameters for assessing electrical performance and stability. Finally, the chapter is

discussed and summarised in Sections 4.4 and 4.5 respectively.

4.1 Introduction

To achieve continuous improvement in OTFT properties for applications
including wearable or disposable electronics, or sensor systems, low power
consumption and low-voltage operation are key device requirements. Low-
voltage/power characteristics are particularly crucial for applications requiring

batteries or when energy-harvesting devices are used.

A common method adopted to realise low-voltage transistor operation is to
increase gate dielectric layer capacitance through choice of thin dielectric layers
and/or materials featuring high relative permittivity (high-k dielectrics). The
approach demonstrated here integrates a medium-k oxide (aluminium oxide) with a
monolayer of alkyl phosphonic acid, which suppresses leakage current through the
dielectric layer whist still providing a reasonably high capacitance required for low-
voltage operation. The overall OTFT dielectric thickness is ~ 10 nm, with operating

voltages as low as -1.5 V.

The performance of low-voltage organic transistors is highly dependent on
the individual device layers, and since DNTT is deposited directly onto a very thin
monolayer of phosphonic acid in the bottom-gate top-contact transistor architecture,

optimisation of the self-assembled monolayer is important to create high-
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performance OTFTs. This chapter presents various AIlO,/C,PA dielectrics
incorporated into OTFTs to assess the role that alkyl chain length has on OTFT
behaviour. This research was prompted by previous work that studied solution-
assembled C,PA and found better transistor performance when longer-chain
phosphonic acid molecules were used. The alkyl phosphonic acids were thermally
evaporated in vacuum and incorporated into DNTT-based organic transistors. Metal-
insulator-metal and OTFT structures were fully characterised, including transistor
bias stress stability. Correlation between phosphonic acid carbon chain length and

OTFT performance was sought.

4.2 Experimental details

All samples for material characterisation and devices were prepared on Eagle
2000 glass substrates. Six alkyl phosphonic acids featuring different aliphatic tail
length (CgPA, C1oPA, C12PA, C14PA, Ci6PA and Cy1gPA) were purchased with 97 %
purity (Strem Chemicals, USA) and purified in-house by recrystallization from hot
hexane or heptane solutions using decolourising charcoal to evaporate any excess

solvent.

AlOy and AlO,/C,PA samples for surface and structural characterisation were
fabricated by evaporating 30-nm thick aluminium lines at a rate of ~ 2.5 A/s. Next, ~
10-nm-thick AlIO4 was produced by exposure of aluminium to UV/ozone. Each C,PA
layer was formed under high vacuum conditions. Based on previously optimised n-

octyl phosphonic acid (CgPA) [75, 83, 84], each C,PA deposition rate was adjusted
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accordingly to achieve around a “monolayer thickness” in ~ 5.5 seconds, while the
as-deposited layer thickness was equal to around 9 monolayers prior to thermal
desorption. In all six instances, the substrate was kept at room temperature during
CnPA deposition. For surface characterisation purposes, Fourier-transform infrared
spectroscopy (FTIR), atomic force microscopy (AFM) and contact angle goniometry
(CAG) measurements were performed on these samples. In addition, two bare-AlOy
samples (as prepared and annealed for 3 hours at ~ 160°C) were prepared for

reference.

FTIR spectra were measured using Ge detector in reflection mode with
Nicolet 380 spectrometer (Thermo Scientific, USA) in ambient air. The beam
diameter was ~ 1.5 mm. PeakFit analysis provided the location of the peaks, their

intensity, full width at half maximum (FWHM), and integral area.

Atomic force microscopy images were recorded by scanning 1 x 1 pm? areas
of the surface in ambient air using a MultiMode 8 scanning probe microscope
(Digital Instruments, USA; Bruker Nanoscope analysis software version 1.40) under
the new PeakForce QNM mode. AFM measurements were obtained using
ScanAsyst-air probes. AFM images were taken from random spots in at least two
areas. The PeakForce QNM mode allows for direct extraction of the nanomechanical
properties of the samples without inflicting damage. Upon contact of the AFM tip,
the captured force curve is used to calculate DMT modulus, deformation, energy

dissipation and force of adhesion.

To investigate liquid-surface interactions with maximum resolution, contact

angles (at 22°C) of small drops (4 on each substrate) of diiodomethane (DIM, > 99
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%, surface tension » = 48.7 mN/m at 18.8°C, ~ 1 uL), 1,2-ethanediol (ethylene
glycol, EG, > 99 %, n = 47.7 mN/m at 18.8°C, ~ 1 uL), and water (filtered water,
FW, 1 =73.4 mN/m at 18.8°C ~ 2 uL) placed on horizontal surfaces were measured
using a goniometer (Kruss DSA30, Germany). The contact angle of a liquid with a
solid surface is a result of the interaction between the liquid and solid. Surface
energies () of the probed solid surfaces were calculated from the contact angles and
the interfacial energies () of the three probe liquids. The total surface energy is the
sum of the Lifshitz-van der Waals (also called dispersion or nonpolar) and acid-base
(also called polar) contributions. The polar portion can be further subdivided into

Lewis acid and Lewis base components.

Six samples were fabricated containing both MIM and OTFT structures
which followed identical fabrication procedures up to and including the monolayer of
phosphonic acid. Some bare-AlOy reference samples were also produced. 20-nm-
thick DNTT was deposited on OTFT structures at a rate of 0.5 A/s at room
temperature. After DNTT deposition, all devices were completed by evaporating 50-

nm-thick Au at a rate of ~ 3 A/s.

4.3 Results

4.3.1 Gate Dielectric: Electrical and structural measurements

Capacitance of AlO,/C,PA bi-layers along with corresponding phosphonic

acid layer thickness is given in Figure 4.1 (a). Additionally, bare-AlOy capacitance
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is also shown which has a mean value of 0.60 uF/cm® In all cases, AlO,/C,PA
capacitance is lower than this value, and a general trend of a decrease in capacitance
per unit area is seen as the length of aliphatic tail increases. As the length of C,PA
molecules (n) rises from 8 to 18, an increase in phosphonic acid thickness is
observed, measuring 0.83 nm for CgPA and 2.49 nm for CygPA. The thicknesses
were determined by using Equation 3.5 and applying a value of 2.1 [80] for the

relative permittivity of C,PA. This value was used for all 6 phosphonic acids.
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Figure 4.1 AlO,/C,PA capacitance and the extracted C,PA thickness

versus the C,PA length (a). Current density of AlO./C,PA
bi-layers as a function of C,PA (b). Bare AlOy is included for
comparison.
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Figure 4.1 (b) shows AlOy and AlO,/CPA leakage current densities for each
phosphonic acid. The bare-AlOy dielectric displays a leakage current density at -3 V
of ~ 2x10”" A/cm?. For the same —3 V, when the AlO, layer has been functionalised
with phosphonic acid, all cases show a reduction in leakage current density with
values ranging between ~ 6x10® and ~3x10® A/cm® As C,PA length increases,
leakage current density reduces. To summarise, both capacitance and the leakage
current measurements confirm that the thickness of C,PA increases with increasing
n, while the capacitance measurement proves that in all cases C,PA thickness

corresponds to about a monolayer.

The water contact angles of AIO,/C,PA samples as a function of alkyl chain
length are displayed in Table 4.1. After the desorption/anneal process, all AlO,/C,PA
surfaces display hydrophobicity featuring water contact angles greater than 110°
regardless of the alkyl chain length. Despite a maximum value of 112.0 £ 1.1° and a
minimum value of 110.8 + 1.3° being obtained for C1,PA and C14PA respectively, all
contact angles are the same within the error of measurement. For comparison, these
contact angles were compared to a non-desorbed CigPA layer of thickness ~ 20 nm
(confirmed by atomic force microscopy). The non-desorbed C;sPA layer displayed

significantly different contact angles for all three probe liquids used.

Every desorbed/annealed AIO/C,PA layer investigated features a low
surface energy of ~ 17.5 mJ/m?, with dominating Lifshitz-van der Waals (dispersive)
component. There appears to be no correlation between the length of aliphatic chain

and the surface properties. The small Lewis acid component and negligible Lewis
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Table 4.1

Advancing contact angles of the probe liquids (filtered water

— FW, ethylene glycol — EG and diiodomethane — DIM) on
various surfaces.

Surface

CsPA
CiPA
Cp,PA
CuPA
CisPA
CisPA
Non-desorbed CgPA (~20 nm
thick)

Mean contact angle, 6 (°)

FW
111.1+£0.2
111.5+0.9
1120+1.1
110.8+1.3
111.3+0.8
111.3+0.8

774+33

EG
704+23
714+13
70.9+5.2
71.2+4.9
68.7 + 1.7
70.8+3.2
825+0.4

DIM
85.2+0.8
86.3+2.6
87.1+1.9
83.6+1.6
849+11
86.2+1.0
70.7+1.0

base component indicates that the surface has electron pair accepting ability.

Conversely, the ~ 20-nm-thick non-desorbed C;gPA sample produced a surface

energy ~ 31 mJ/m? This larger surface energy indicates that some C,PA head groups

are found on the surface. For this non-desorbed CisPA case, the Lewis base

component dominates (the surface has electron pair donating ability), followed by

the sizeable Lifshitz-van der Waals energy which is around 50 % greater than that of

the desorbed C,PA monolayers. Table 4.2 summarises the results of the surface

energy investigation.

Table 4.2 Surface energies (ys) as calculated from the mean values of
advancing contact angles of (a) (ys-" — Lifshitz-van der Waals,
vs' — Lewis acid and ys — Lewis base).

Surface vs- (MIM?) v (mIim?) "V (mdim?) ys (MIIm?)
CsPA 3.22 0.56 14.91 1761+1.1
C1PA 3.18 0.53 14.39 16.98 + 1.2
C,PA 3.51 0.68 14.02 17.11+2.2
CuPA 2.73 0.44 15.69 17.89+2.1
CisPA 3.64 0.82 15.06 1851+1.1
CisPA 3.30 0.55 14.44 17.13+£1.2
Non-desorbed CgPA 0.67 27.23 22.48 31.03+13

(~20 nm thick)
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Due to the bonding of C,PA molecules to the underlying AlOy surface, C,PA
molecules tend to be “standing up” within the monolayers. However, CigPA
molecules that form the top surface of a ~ 20-nm-thick layer would be expected to
assume random orientations, resulting in the exposure of —OH groups and different
surface properties. In comparison to the results obtained for C,PA assembled in
solution, it must be noted that the solution-assembled monolayers produce slightly
smaller contact angles for FW and DIM and larger surface energies ranging between

25 and 30 mJ/m? [85].

Atomic force microscopy was used to investigate the AlO,/C,PA surfaces on
the nm scale, images of which can be seen in Figure 4.2. A summary of the data
extracted from AFM is in Table 4.3. As well as determining the root-mean-square
(RMS) surface roughness properties by using the new PeakForce QNM scanning

mode, it was possible to directly extract quantitative nano-mechanical information

Figure 4.2 AFM surface topography of AlO,/C,PA surfaces for phosphonic
acids ranging in chain length from CgPA to CigPA.
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such as the force of adhesion, elastic moduli, deformation and dissipation. Referring
to Table 4.3, the surface roughness of the ~ 10-nm-thick reference non-annealed
AlOy sample is 1.27 nm. After annealing the same AlO, sample for 3 hours at 160°C,
the surface roughness remains almost unchanged at 1.22 nm. This lack of change in
surface roughness of AIlOy after annealing confirms that the C,PA
desorption/annealing step would not lead to an increased overall surface roughness of
the bi-layer dielectric due to an increased roughness of the underlying aluminium
oxide. The RMS surface roughness of AlOy functionalised with C,PA is comparable
to the bare-AlOy case (annealed or non-annealed) or slightly higher, but in all cases is
less than 2.35 nm. The non-desorbed CigPA layer features a surface roughness of
2.25 nm. There does not seem to be any correlation between the AlO./C,PA surface
roughness and the phosphonic acid chain length. Furthermore, no correlation exists
between the C,PA length and the nano-mechanical properties. The force values lie
between ~ 3 and ~ 5 nN, the moduli between 22 and 63 GPa, deformation between

~3 and ~8 nm and dissipation between ~ 200 and 1000 eV.

Table 4.3 AFM measurements: surface roughness and nano-
mechanical properties.

Surface Ritlj;\ar?:ss Force Modulus  Deformation Dissipation
(nm) (nN) (GPa) (nm) (eV)
CePA 1.25 31+07  63%9 28+0.6 353
CioPA 1.53 36+11  30%9 32405 226
CPA 2.34 53+16 28+10  3.6+0.7 1016
C1PA 1.13 54+15  29+8 8.6+25 277
CisPA 1.82 28+06 2245 40+06 219
CisPA 1.47 39+10 37+11 31+0.1 945
NO?;%?%‘??}&;PA 2.25 33+12 65+31  42+11 566
AlO, 1.27 49+13 43+10  44%01 961
Annealed AIO, 1.22 49+11 65+50 4501 509
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In summary, all desorbed/annealed AIO,/C,PA surfaces show comparable
values of RMS surface roughness. While their mechanical properties on the
nanometer scale (AFM tip size of 2 nm) vary by a factor of 2 to 5 (Table 4.3), their

macroscopic surface properties (Tables 4.1 and 4.2) are very similar.

FTIR is capable of providing surface structural information on the
macroscopic scale (~mm). FTIR was performed on the desorbed/annealed

AlO,/C,PA surfaces as well as the reference AIO, surface. Figure 4.3 displays the

FTIR results taken.
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Figure 4.3 FTIR spectra of AIO,/C,PA bi-layers. Bare annealed AlO, is
included for comparison. Individual spectra are offset by a
constant value to allow easier viewing.

Referring to the graphs in Figure 4.3, a strong broad absorbance around 900
cm™ is dominated by AI-O vibrations in all samples measured. Weaker vibrations
were noticed in the region from 1000 to 1250 cm™, near 1450 cm™ and between 2800
and 3000 cm™. In general, the integral intensity of various peaks is higher for
shorter-chain C,PA and lower for longer chains. As the length of phosphonic acid

aliphatic tail is increased, the position of CH, stretches is shifted to lower
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wavenumbers and the associated FWHM is reduced. For the CgPA sample, the peaks
are centred at 2853 cm™ (FWHM = 20.7 cm™) and 2924 cm™ (FWHM = 31.9 cm™),
while for C1gPA the peaks are found at 2850 cm™ (FWHM = 17.3 cm™) and 2920
cm® (FWHM = 28.4 cm™). The position of these peaks is very similar to those

reported previously for C,PA monolayers prepared in ethanol on hafnium oxide [85].

Previously, the shift in the peak location was interpreted as an improved
molecular order within monolayers, i.e. the increase in C,PA length leads to stronger
van der Waals interaction between aliphatic chains and results in a more ordered self-
assembly with denser molecular packing [86-88]. However, one may predict that the
density of monolayers deposited by vacuum evaporation would be lower than that of
solution deposited monolayers as a result of the physical laws governing vapour
deposition. This theory is supported by the fact that the integral intensity of the CH,
stretches near 2850 and 2920 cm™ is not increasing with the increasing length of
CnPA. As shown in Figure 4.3, the integral intensity of these peaks is comparable for
Cs, Cy0 and CyoPA and lower for Cy4, C16 and C1gPA monolayers, suggesting lower

molecular coverage for longer phosphonic acids.

To summarise, presence of CH, stretching vibrations confirm that a degree of
order exists within vacuum deposited monolayers, with the molecular order
improving for increasing length of alkyl chain. The reduction in the surface energy
of vacuum deposited monolayers and the spread in nano-mechanical properties
suggest a heterogeneous monolayer structure, such as the presence of ‘domains’ or
‘nanopores’. Previously, molecular dynamic simulations performed on solution
assembled C,PA monolayers on aluminium oxide confirmed a change in the

morphology from amorphous to quasi-crystalline as a function of increasing length
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of C,PA [89, 90]. In such a case, highly ordered domains with gaps between them

exist for long C,PA molecules.

4.3.2 OTFTs: As-fabricated devices

Organic thin-film transistors incorporating AlO,/C,PA gate dielectrics were
prepared and tested. Figure 4.4 (a) shows the transistor transfer characteristics for the
as-fabricated OTFTs with various phosphonic acid monolayers ranging from CgPA
to C1gPA. Figure 4.4 (b) shows VIp as a function of Vs for the various phosphonic
acids to allow extraction of saturation regime p and V; as described previously in
section 3.2.2.1. In addition, the extracted saturation regime transistor parameters are

shown in Figure 4.5.
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Figure 4.4 OTFT transfer characteristics (a) and Vlp vs Vs (b) for various

C.PA monolayers.
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Figure 4.5 OTFT parameters of the as-fabricated transistors as a function of

C.PA. Threshold voltage (a), field-effect mobility (b), subthreshold
slope (c), OFF-current (d), ON-current (e) and ON/OFF current ratio

().

Referring to Figure 4.4, as the length of aliphatic tail increases, transistor

threshold voltage and OFF-current decrease. From Figure 4.5 it is clear that going
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from CgPA to C1sPA mean transistor threshold voltage decreases from —1.37 to —-1.24
V, field-effect mobility increases from 0.03 to 0.33 cm?/Vs, subthreshold slope
remains fairly constant within the error of measurement (~ 90 mV/decade), OFF-
current decreases from ~ 8x10™ to ~ 3x10™** A, and for OTFTs featuring a channel
length of 30 pm, ON-current increases from ~ 3x10® to ~ 2x10°® A. The ON/OFF-

current ratio increases from ~ 3x10* to ~ 4x10°.

4.3.3 OTFTs: Bias stress results

One transistor from each phosphonic acid sample was subjected to a 1000
second bias stress. The bias stress was performed in the usual manner, with a voltage
of —2 V applied to the gate whilst the source and drain electrodes were grounded.
Before commencing the bias stress experiment, all transistor samples were stored in
dark ambient air for three days. Figure 4.6 (a) shows the evolution of transistor
threshold voltage as a function of bias stress time. While the transistors featuring
C16PA and C1gPA monolayers display initial V; similar to that shown in Figure 4.4,
the transistors incorporating shorter phosphonic acids show lower initial |V{,
suggesting poorer ambient stability. However, the initial values of field-effect

mobility and OFF-current are similar to those shown previously in Figure 4.4.

Application of bias stress results in a more negative threshold voltage for all
transistors, however, the rate of degradation decreases as the length of phosphonic
acid chain increases, making the transistors with C1gPA almost a factor of 2 more

stable than those with CgPA. Figure 4.6 (b) shows how the various C,PA affect the
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degradation in field-effect mobility differently. For both C;cPA and CigPA, the
mobility only reduces slightly after 1000 s, reaching ~ 93 % of the initial value. For
C12PA and Cy4PA the mobility initially increases by ~ 20 % and then decreases to ~
80 % of the initial value. For the shortest C,PA transistors, the mobility first rises by
30 to 35 % but then decreases to around 60 % of the initial value. Figure 4.6 (c)
shows that OTFT OFF-current decreases for all C,PA. For longer chain C,PA, the
reduction in logg is almost non-existent, however it is much more pronounced for

CgPA and CyoPA. It is worth noting that since all the OTFTs were bias-stressed in the

K (cm?3/Vs)

0 10 100 1000
Bias stress time (s)

Figure 4.6 Threshold voltage (a), field-effect mobility (b) and OFF-current
(c) as a function of bias stress time for transistors with various
C.PA.
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same laboratory environment (air ~ 40%RH), any differences in their degradation is
ascribed to the transistor structure only. Table 4.4 summarises the initial and final
OTFT parameters and their changes from 0 s to 1000 s of bias stress for transistors

with different C,,PA.

The experimental results confirm a strong correlation between the initial and
bias-induced transistor behaviour and the C,PA monolayer. Overall, the transistors
exhibit improved initial parameters and ambient and bias stability when C,PA length
increases. The FTIR vibrations between 2800 and 3000 cm™ indicate a degree of

order within the monolayer that improves with increasing C,PA length.

Table 4.4 Initial, final and change in bias stress parameters as a function of
C.PA for V;, nand lorr.
OTFT CsPA CioPA Ci,PA CuPA CisPA CisPA
V, (0s) (V) -1.12 -1.17 -1.18 -1.16 -1.18 -1.26
V; (1000s) (V) -1.80 -1.81 -1.75 -1.75 -1.68 -1.65
AV, (V) -0.68 -0.64 -0.57 -0.59 0.5 -0.39
W (0s) (cm?/Vs) 0.032 0.036 0.095 0.057 0.160 0.347
1 (1000s) (cm?/Vs) 0.021 0.021 0.075 0.046 0.144 0.322
A (cm?/Vs) -0.011 -0.015 -0.020 -0.011 -0.016 -0.025
llore] (0s) (A) 6.44x10™ | 1.07x10"? | 4.35x10* | 5.28x10" | 2.08x10** | 3.05x107*
lore] (1000s) (A) 2.01x10™ | 1.70x10%° | 2.22x10** | 1.63x10™" | 1.26x10** | 1.98x107*
Alogr (A) -6.42x10™"% | -1.07x10*? | -2.13x10™*® | -3.65x10"* | -8.2x10™ | -1.07x107"®

4.4 Discussion

Overall, as the length of phosphonic acid chain increases, there is a marked

improvement in transistor performance. This behaviour is in contrast to transistors
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incorporating phosphonic acids assembled from solution.
Si/HfO,/C,PA/pentacene/Au organic transistors show threshold voltage becoming
more negative with increasing C,PA length while the mobility of CgPA to Ci14PA
exceeded that of C16PA to CiPA [85]. For Si/AlIO,/C,PA/pentacene/Au transistors
the threshold voltage did not change significantly and the mobility peaked for C14PA
[77]; for Si/SiO,/C,PA/pentacene/Au devices the lowest threshold voltage occurred
for CgPA, the mobility decreased from CgPA to C;igPA and the subthreshold slope
was unaffected [91]; for Al/AIO,/C,PA/pentacene/Au transistors the mobility peaked
for C14PA for oxygen-plasma AlOy and increased with increasing C,PA length for
mild-air-plasma AlOy [35]; and for Si/AlO./C,PA/pentacene/Au devices both the

mobility and the threshold voltage increased with increasing C,PA length [89].

It is worth comparing the performance of the C1gPA transistors to recently
reported DNTT-based OTFTs incorporating other gate dielectrics. Crosslinked
poly(ethylene-alt-maleic anhydride) (PEMA) led to a mobility of 0.11 cm?/Vs, while
PEMA maodified with poly(maleic anhydride-alt-1-octadecane) resulted in a mobility
of 0.24 cm?/Vs [92]. Octylamine-treated PEMA gate dielectric produced a mobility
of 0.17 cm?Vs [93]. DNTT deposited by vapour-jet on polystyrene-buffered
poly(tripropyleneglycol diacrylate) dielectric led to a mobility of 0.43 cm?/V/s [94].
Additionally, field-effect mobilities greater than 1 cm?/Vs have been reported when
gate dielectrics featuring organic monolayers were used [42, 95, 96]. Transistor
threshold voltage and subthreshold slope are dependent on gate dielectric thickness
and our values are consistent with other figures reported for gate dielectrics of
similar thickness. Finally, comparison of the ON/OFF-current ratio is difficult since

it is dependent on transistor dimensions in order for a fair comparison to be given.
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Previous research on phosphonic acids has shown that phosphonic acids
assembled from solution are able to attach strongly to aluminium oxide [97]. The
attachment process is enabled by the acid’s head group. It has been proposed that
during the solution-based self-assembly process of the phosphonic acid monolayer
the head group reacts with the surface hydroxyl groups of the aluminium oxide [98].
This reaction proceeds via acid-base condensation mechanisms in stages and can
ultimately result in a tridentate binding configuration of the phosphonic acid [99-
101]. The first step involves the two P-OH groups of the C,PA head group reacting
with two Al-OH groups on the aluminium oxide surface to form two P-O-Al bonds
of a bidentate complex. Next, the P=O group forms the third P-O-Al bond and

converts the bidentate complex into a tridentate one.

Regarding the performance of the organic thin-film transistors, specifically
their threshold voltage, it is worth noting a few remarks. The presence of Al-OH
groups on the surface of AIOx could result in a fixed negative charge at the
AlO,/C,PA interface. Since more Al-OH sites would be expected for longer chain
phosphonic acids when fewer molecules are attached to aluminium oxide, lower
OTFT threshold voltage would be expected for longer C,PA. This is indeed the case
for the measured as-fabricated transistors however the presence of Al-OH groups
does not explain the changes in OTFT threshold voltage when devices are exposed to

ambient air.

We know the choice of C,PA affects the gate dielectric capacitance (Figure
4.1) and the threshold voltage of the transistors (Figure 4.5). Therefore, one should
consider the induced capacitive charge at the beginning of the transistor bias

degradation. Since the gate-to-channel voltage is not known, the gate-to-source
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voltage Vs is used to approximate the accumulated charge, i.e. Q = C [Vgs — Vi|. This
charge is 0.41 uC/cm? for CgPA, 0.24 uClem? for C1PA, and 0.31 — 0.33 puC/cm? for
the remaining C,PA. If transistor bias degradation was solely controlled by the
induced charge density, then transistors with Cyg, C12, C14 and Cy6PA should exhibit
similar degradation behaviour. However, the results of Figure 4.6 show degradation
that is clearly linked to the length of the phosphonic acid instead of the induced

charge density.

4.5 Summary

For low-voltage transistor operation, growth which self-limits the thickness
of materials for ultra-thin dielectric layers is advantageous. This chapter describes
the preparation of monolayers of alkyl phosphonic acids (CgPA to Ci;gPA) by
vacuum evaporation and their incorporation into organic thin-film transistors based

on DNTT.

Various AlO,/C,PA bi-layer dielectrics were produced ranging in thickness
from ~ 11 to 12-nm displaying low leakage current densities between ~ 6x10® and ~
3x10® A/cm? at —3 V. A decrease in AlO,/C,PA layer capacitance was observed as a
function of increasing phosphonic acid chain length confirming the formation of a
monolayer of phosphonic acid on the surface of aluminium oxide in all cases. The
total surface energy of desorbed/annealed AlO,/C.,PA surfaces is ~ 17.5 mJ/m?
regardless of C,PA length. In addition, all bi-layer surfaces exhibit similar values of

RMS surface roughness. However, while their surface properties on the macroscopic

87



scale are similar, the mechanical properties on the nanometer scale vary by a factor
of 2 to 5. By the same token as solution-assembled phosphonic acid monolayers, the
CHj; stretching peaks as observed through FTIR are narrowing and shifting to lower
wavenumbers, thereby proving that molecular order improves with increasing length
of C,PA. There is also a reduced molecular coverage for longer C,PA chains.
Reduction in the surface energy of vacuum deposited monolayers and the spread in
nano-mechanical properties suggest a heterogeneous monolayer structure, such as the

presence of ‘domains’ or ‘nanopores’.

AlO,/C,PA dielectrics were incorporated into organic thin-film transistors
and the electrical performance of the as-fabricated devices is considerably affected
by the C,PA used. Moving from CgPA to CyigPA, transistor threshold voltage shifts
closer to zero (becomes more positive) by ~ 10%, field-effect mobility increases by
an order of magnitude, OFF-current reduces by ~ 50%, and there was no obvious
change in the subthreshold slope parameter. Accordingly, OTFT ON-current and the
ON/OFF current ratio increased by two orders of magnitude for transistors with L =
30 um. Transistor parameters significantly improved across the board with
increasing length of C,PA. Bias stress was also performed on the transistors and the
results confirm that the stress-induced degradation as a function of applied bias stress
time is related to C,PA length. As the molecule length increases, the effect of bias
stress on the transistors is less pronounced. Furthermore, the longer C,PA OTFTs

display better air stability.
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Chapter 5

OTFTs on PEN substrates

This chapter presents the steps taken to transfer the OTFT fabrication onto
two polyethylene naphthalate (PEN) foils. It also studies the effect of thermal
annealing of the plastic substrates prior to transistor fabrication. Subsequently, MIM
and OTFT structures were prepared on each PEN substrate and their electrical

characteristics were examined.

The procedure to fabricate devices on PEN foils is outlined in Section 5.1,

including the substrate preparation. MIM/OTFT device fabrication is described in
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Section 5.2. Results of the substrate annealing, MIM measurements, OTFT
performance, and bias stress are provided in Section 5.3. Finally, discussion is

provided and the chapter is summarised in Sections 5.4 and 5.5.

5.1 Introduction

To achieve flexible organic circuits, device fabrication on thin plastic
substrates is required. This chapter adapts the OTFT fabrication procedure
introduced in Chapter 3 to flexible PEN plastic substrates. Transistors feature a 10-
nm-thick bi-layer dielectric based on aluminium oxide (AlOx) and n-octylphosphonic

acid (CgPA) monolayer with DNTT as the organic semiconductor layer.

Two commercially available polyethylene naphthalate (PEN) plastic foils
(DuPont Teijin) were used; Teonex Q65FA and Optfine PQAL. Teonex includes an
adhesive layer on its bottom (non-device) side to prevent film slippage during R2R
processing, while Optfine has a planarisation layer on the top (device) side to provide
an ultra-smooth finish. Both PEN substrates were thermally annealed at 160°C to
assess their compatibility with the maximum temperature used during the OTFT
fabrication process. Low-voltage p-type OTFTs were fabricated on each substrate
and their electrical performance was assessed. Finally, a correlation between PEN

type and OTFT performance was sought.

5.2 Substrate preparation and OTFT fabrication
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7.5 cm x 7.5 cm PEN substrates were thoroughly cleaned using acetone and
isopropanol. Two substrates from each PEN type were prepared, one for the

investigation of the anneal treatment and the other for MIM and OTFT fabrication.

Teonex Q65FA and Optfine PQA1 PEN films were annealed at 160°C for 24
hours. 160°C was chosen to match the maximum temperature used in the transistor
fabrication process. Due to the outcome of the anneal treatment on the PEN films,
OTFTs were fabricated on non-annealed Optfine and pre-annealed Teonex. OTFT
and MIM structures were prepared with AlO./CgPA dielectric as well as bare AlO
for reference. CgPA was deposited on the surface of AlOy at 25°C at a rate of ~ 3
Als. For the OTFTs, 15 nm of DNTT was deposited at room temperature at rates of
0.4 A/s and 0.6 A/s on Teonex and Optfine respectively. During DNTT evaporation,
the MIM structures were fully masked. The devices were completed by evaporating
50-nm-thick gold source and drain contacts. Figure 3.1 in Chapter 3 shows the

transistor cross-section. L was 30, 50, 70 or 90 um and W = 1000 pm.

5.3 Results

5.3.1 Substrate annealing

Teonex Q65FA was flat prior to the annealing. After the 24-hour anneal it
still remained flat (infinite radius of curvature). However, the Optfine PQAL
substrate featuring a planarisation layer on the device side behaved differently.

Before annealing, Optfine exhibited a radius of curvature of ~ 17 cm. After the
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anneal, the radius of curvature reduced dramatically to ~ 1.5 cm. Figure 5.1

summarises the effect of thermal annealing on the Optfine PQA1 PEN.

Radius of curvature ~ 17 cm Radius of curvature ~ 1.5 cm

Figure 5.1: Radius of curvature of Optfine PQA1 PEN film prior to (a)
and after 24 hour anneal at 160°C (b).

5.3.2 MIM measurements

Table 5.1 summarises the capacitance and current density of MIM devices on
Teonex and Optfine substrates for both AlOx and AIOL/CgPA dielectrics. The
capacitance represents the mean capacitance extracted at 10 kHz. The current density

was extracted at —2 V.

As expected, the capacitance of bare-AlOx MIM devices is greater for both
PEN films compared to the AIO./CgPA dielectric. In addition, the current density is
lower when AIOy is functionalised with CgPA, for both PEN substrates. There is a
larger difference in the capacitance and current density (with and without CgPA)

when Optfine PEN is used.
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Table 5.1: MIM capacitance and current density at —2 V.

Teonex Q65FA Optfine PQA1

AlO, AlO,/CsPA AlO, AlO,/CsPA
Capacitance
(UF/ecm?) 0.74 0.66 0.86 0.43
Current (A/cm?) 4.42x10” 2.57x10” 2.32x10” 8.39x10°

5.3.3 OTFT measurements

Due to the results of the thermal anneal, AlI/AIO/CsPA/DNTT/Au and
Al/AIO/DNTT/Au organic thin-film transistors were fabricated on non-annealed
Optfine and pre-annealed Teonex. Figure 5.2 (a) shows a saturation regime transfer
characteristic of an as-fabricated AlO,/CgPA transistor on Teonex. The ON-current is
~3x 107 A, while the gate leakage current is ~ 10™° A. Figure 5.2 (b) shows VIp as
a function of Vgs for the same transistor to explain how mobility and threshold
voltage were extracted using the methodology described previously in chapter 3.
Figure 5.3 shows the as-fabricated OTFT parameters extracted from transfer

characteristics measured at a drain voltage of -2 V.

Referring to Figure 5.3, for both Teonex and Optfine, inclusion of the n-octyl
phosphonic acid monolayer leads to an increase in field-effect mobility, ON-current

and ON/OFF-current ratio whilst reducing the subthreshold slope and OFF-current.

The two PEN substrates have a mixed effect on OTFT performance. The
transistors fabricated on Teonex have a slightly lower subthreshold slope and OFF-

current compared to the Optfine devices. However, OTFTs on the planarised Optfine
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Figure 5.2: Transfer characteristics of OTFT with AlO,/CgPA gate dielectric in

saturation regime (a). Vlp vs Vs in saturation regime (b) OTFT
fabricated on Teonex Q65FA PEN substrate. L =50 um and
W = 1000 pm.

PQAL1 substrate exhibit around a factor of three higher field-effect mobility (~ 0.14
cm?/Vs) and around an order of magnitude higher ON-current compared to the
Teonex Q65FA case. Transistor threshold voltage remains essentially the same
regardless of the PEN film used for the AIO/CsPA OTFTs. On the other hand,
OTFTs with bare-AlOy dielectrics show a few subtle differences in OTFT behaviour,
compared with their AlIO,/CgPA counterparts. OTFT |V is around 0.35 V lower for
Optfine OTFTs. Subthreshold slope is around a factor of two smaller for Teonex.

The ON-current for the bare-AlOx OTFTs is marginally higher for Optfine PEN,
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however its OFF-current is more than one order of magnitude greater than Teonex.

Consequently, the ON/OFF-current ratio for Optfine OTFTs is smaller.
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Figure 5.3: Threshold voltage (a), field-effect mobility (b), subthreshold slope

(c), OFF-current (d), ON-current (e) and ON/OFF ratio (f) for
Teonex Q65FA and Optfine PQAL PEN. Empty and full symbols
represent OTFTs with AlO, and AlO,/CgPA dielectrics respectively.
O¢ = Teonex Q65FA and e = Optfine PQAL.

5.3.4 Bias stress

To evaluate the long term stability of organic thin-film transistors on Teonex
and Optfine PEN foils, bias stress was performed on OTFTs from each substrate, for

both AlO, and AIO,/CgPA dielectrics. Bias stress was administered approximately
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one week after the initial transfer characteristics were taken. During that time all
samples were stored in the dark vacuum conditions, which led to a decrease in |V| for
all transistors measured. Bias stress was applied for a total of 1000 seconds while the

gate was held at —2 V and source and drain were grounded. Figure 5.4 summarises
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Figure 5.4: Effect of bias stress on threshold voltage (a), field-effect mobility

(b), subthreshold slope (c), OFF-current (d) and ON-current (e) for
Teonex Q65FA and Optfine PQAL PEN. Empty and full symbols
represent OTFTs with AIOx and AlO,/CgPA dielectrics respectively.
¢ 0 =Teonex Q65FA and e:: = Optfine PQAI.
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the results of the bias stress performed on four OTFTSs to investigate the effect of
PEN type. Table 5.2 summarises the OTFT parameters extracted at 1000 s and
compares them to the initial parameters. Both AIO, and AIO,/CsPA OTFTs on

Teonex and Optfine are included in the table.

Table 5.2: OTFT parameters for Teonex Q65FA and Optfine PQA1 PEN
substrates before and after a 1000-second bias stress.
Teonex Q65FA Optfine PQAL
AlO, OTFT AlO,/CsPA OTFT AIO, OTFT AIO,/CsPA OTFT
: 1000 s : 1000 s : 1000 s : 1000 s
0s bias bias 0s bias bias 0 s bias bias 0 s bias bias
Vi (V) -1.20 -1.75 -1.27 -1.70 -0.40 -1.58 -0.72 -1.33
U (cm?/Vs) 0.090 0.079 0.11 0.088 0.018 0.022 0.16 0.16
S(mV/decade) 85 68 78 74 166 111 112 103
[1orel (A) 1.4x10™  13x10™ | 1.8x10™  1.1x10™ 2.8x10™° 1.2x10™ [ 1.7x10™  6.5x10™
[Ton] (A) 3.6x10”7 3.3x10® | 3.2x107  4.6x10° 4.0x107 3.9x10° | 9.9x107 4.0x107

There is a clear difference in OTFT performance on Teonex and Optfine as a
function of bias stress time. Furthermore, similarly to what was seen previously in
the initial OTFT transfer characteristics (Figure 5.3), OTFTs on the same substrate
exhibit differences due to incorporation of the phosphonic acid monolayer. Bare-
AlOy transistors on both PEN foils display higher V; and OFF-current, but lower
field-effect mobility and ON-current compared to their AlO,/CgPA equivalents.
Comparing OTFTs featuring CgPA on Teonex and Optfine substrates, Teonex
OTFTs appear to have ~ 40 mV/decade lower subthreshold slope and around an
order of magnitude lower OFF-current compared to the Optfine OTFTs. Conversely,
Optfine OTFTs with CgPA have around 33 % greater field-effect mobility compared

to Teonex transistors.
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Finally, for both AIO, and AIOx/CgPA dielectrics, organic transistors on
Optfine PEN are more stable during the 1000 s bias stress in terms of their field-

effect mobility when compared with OTFTs on Teonex.

5.4 Discussion

The suitability of Teonex Q65FA and Optfine PQAL1 PEN substrates was
assessed by thermal annealing of both PEN foils prior to device fabrication. The
annealing temperature was chosen as 160°C to match the maximum temperature used
in the OTFT fabrication process [75]. Dupont Teijin states that a typical PEN film
has a melting point around 269°C [102] and therefore, the temperature of 160°C is
well below the melting point. Annealing at 160°C for 24 hours in a vacuum oven
showed differences between these two substrates. Teonex Q65FA remained
completely flat after the heat treatment. Furthermore, there was no noticeable change
to the adhesive on the non-device side of the substrate, proving that the adhesive
layer engineered to prevent film slippage during roll-to-roll fabrication is able to
withstand our OTFT fabrication process, allowing for the process to be transferred to
roll-to-roll processing. However, Optfine PQAL PEN foil curved considerably upon
heating, with its radius of curvature changing from ~ 17 cm to 1.5 cm after the

anneal, rendering it unsuitable for device fabrication in its annealed state.

A number of differences exist between Teonex and Optfine in terms of OTFT
performance. Referring to transistors with AlO4/CgPA dielectric, OTFTs on Teonex

show a slightly lower subthreshold slope and OFF-current than the Optfine
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equivalents. However, OTFTs on Optfine PEN exhibit about an order of magnitude
higher ON-current resulting from a factor of three greater field-effect mobility. This
may be due to the fact that DNTT was deposited at a higher rate of 0.6 A/s on the
Optfine, as opposed to the lower evaporation rate of 0.4 A/s on Teonex PEN.
Previously, similar OTFTs featuring pentacene as the organic semiconductor showed
increasing field-effect mobility as a function of pentacene evaporation rate for
transistors with 4x purified pentacene [72]. From AFM images conducted on the
pentacene samples, it was shown that although higher pentacene evaporation rates
led to a smaller pentacene grain size, the grains showed less sub-grain structure and
tighter packing. Similarly, DNTT could show a similar effect when evaporated at
higher rates, resulting in improved mobility. Furthermore, OTFTs on planarised
Optfine PEN would be likely to benefit from the lower surface roughness [103]
provided by the planarisation layer possibly leading to improved OTFT performance

than equivalent transistors on non-planarised Teonex Q65FA.

Previously, DNTT-based bottom-gate top-contact OTFTs on 125-um-thick
PEN substrates featuring a cross-linked TPGDA dielectric layer led to mobility ~
0.46 cm?/Vs with V; ~ —14 V [40]. Similar OTFTs to those presented in this thesis on
Teonex Q65FA featuring AlO,/C14PA dielectric with vacuum deposited DNTT with
L as low as 10 pum achieved mobility as large as 2 cm?Vs with an impressive
ON/OFF-current ratio of ~ 10® [42]. There are a number of reasons why our OTFTs
exhibit lower mobility than those presented in [41]. Firstly, their SAM of CisPA
dielectric is formed in solution, whereas the transistors presented in this thesis feature
vacuum deposited phosphonic acids. Secondly, the DNTT deposition requires further

optimisation. DNTT evaporation rate and temperature can both influence field-effect
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mobility due to a modification of the interface between the C,PA and the
semiconductor, and further work would need to be done to assess the influence of

these parameters on OTFT performance.

By integrating OTFTs onto flexible plastic substrates such as PEN foil,
transistors can be used alongside devices such as force/temperature ferroelectric
capacitors based on P(VDF-TrFE). Accordingly, OTFTs will require minimum
deterioration in their electrical performance. Conducting bias stress experiments can
aid with understanding of the electrical stability of transistors. The results show that
the OTFTs on Optfine are more stable under the application of bias stress in terms of
field-effect mobility, despite their threshold voltage at the beginning of the bias stress

test being ~ —0.4 V lower than that of OTFTs fabricated on Teonex.

5.5 Summary

Low-voltage organic thin-film transistors fabricated on two free-standing
commercial polyethylene naphthalate foils was studied. The investigated PEN foils
were Teonex Q65FA featuring an adhesive layer on the non-device side and Optfine
PQAL with a planarisation layer on the device side. Pre-annealing of both substrates
at 160°C for 24-hours prior to device fabrication showed that Teonex Q65FA was far
easier to handle because it remained flat upon heating. On the contrary, Optfine
PQA1 experienced a drastic and permanent reduction in its radius of curvature,
rendering it unsuitable for the device fabrication in its annealed state. Regarding

AlO,/CgPA transistors, devices on Optfine PEN exhibited improved OTFT field-
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effect mobility compared to those on Teonex and also remained more stable under
the bias stress. This could result from higher DNTT deposition rate compared with
that used on Teonex. Overall the curving of Optfine PEN upon prolonged annealing
presents a significant challenge if used as a free-standing substrate. On the other
hand, the non-annealed Optfine substrate did not present a major problem for layer-
to-layer alignment during the transistor fabrication and the resulting transistor

performance was better than transistors fabricated on Teonex PEN.
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Chapter 6

Response of P(VDF-TrFE)
capacitor to force and
temperature

Previously, Chapter 3 described the fabrication of the ferroelectric P(VDF-
TrFE) capacitor. In this chapter, the response of such a capacitor (tactile sensor) to
static compressive force and constant temperature is presented. Section 6.1
introduces the concept of tactile sensing and relates it to examples from the literature.
A brief outline of the materials used for the P(VDF-TrFE) capacitor fabrication is
given in Section 6.2. Section 6.3 presents the electrical properties of the P(VDF-

TrFE) capacitor. Results of the capacitor’s response to force and temperature are
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presented in Sections 6.4 and 6.5 respectively. Section 6.6 discusses the findings
from the P(VDF-TrFE) capacitance measurements. Finally, the chapter is

summarised in Section 6.7.

6.1 Introduction

The field of tactile sensing has been evolving rapidly over recent years;
where development of sensors for applications such as touch screen interfaces and
electronic skin has received notable interest within the field of mobile devices,
robotics or for medical applications. An effective ‘electronic skin’ should replicate
the fundamental features of real skin; from pressure and temperature transduction to
having the ability to stretch and conform to non-planar surfaces [104]. Various
examples of sensors for force or temperature monitoring exist. For force detection,
sensors typically exploit the piezoresistive effect [105, 106], the piezoelectric effect
[107, 108] or capacitive changes [109, 110], whereas capacitive [111] and
pyroelectric-based sensors [112, 113] are often used for sensing temperature. This
chapter focusses on the capacitive response of the P(VDF-TrFE) sensor to detect

static force and temperature stimuli.

Tactile sensors using PVDF or its copolymer P(VDF-TrFE) are able to detect
dynamic changes in force/temperature through inherent piezoelectric/pyroelectric
properties in poled materials [114-116]. However, the piezo/pyroelectric effects are
only suitable for detecting changes in force or temperature, i.e. dynamic stimuli,

since the charge developed through these phenomena discharges almost instantly in
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the absence of additional circuitry such as a charge amplifier [117]. Therefore, the
need for such sensors to detect static stimuli, i.e. constant or quasi-constant force or
temperature, exists for more realistic e-skin applications. One way to address this is
to exploit changes in capacitance of P(VDF-TrFE) parallel-plate capacitors when

they are exposed to compressive force or temperature.

This chapter presents the response of a P(VDF-TrFE) ferroelectric capacitor
to both static compressive normal force and a constant temperature recorded as a
change in its capacitance. Electrical properties of the capacitor are shown first,
including I-V and C-V measurements; followed by results of force and temperature

experiments to understand how its capacitance responds to these external stimuli.

6.2 Experimental details

The ferroelectric capacitor adopts the parallel plate-capacitor structure (see
Figure 3.10) where the P(VDF-TrFE) ferroelectric layer is sandwiched between the
bottom (Al) and top (Au) metal electrodes. Chapter 3 explains the fabrication process
in greater detail. Each fabricated capacitor with an active sensing area of 25 mm? was
mounted on a glass slide to make it compatible with the linear micro stage for force

application. The final P(VDF-TrFE) film thickness was ~ 2.5 um.

6.3 Electrical properties of P(VDF-TrFE) capacitor
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Current-voltage (I-V) and capacitance-voltage (C-V) measurements were
performed on P(VDF-TrFE) capacitors. Sections 6.3.1 and 6.3.2 present the I-V and
C-V results on a freshly fabricated P(VDF-TrFE) capacitor that was poled with

positive voltage applied to the aluminium electrode.

6.3.1 Current-voltage (I1-V)
A linear change in current with voltage is observed for the poled P(VDF-

TrFE) capacitor (see Figure 3.11) and its leakage current is 57.5 pA at 1 V, making it

suitable for our application.

6.3.2 Capacitance-voltage (C-V)

Figure 3.12 shows that as the voltage applied to the Al electrode of the
capacitor becomes more positive, the capacitance increases by ~ 3 pF between -5

and +5 V. No hysteresis is observed in this voltage range.

6.4 Response of P(VDF-TrFE) capacitor to force

Force was applied to the P(VDF-TrFE) capacitor with a Teflon probe using

the setup described in section 3.5.3. Figure 6.1 shows the effect of compressive force
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applied in the normal direction to a freshly fabricated, poled P(VDF-TrFE) capacitor
performed at room temperature. The graph shows the change in capacitance (at 2
kHz) from O N to a maximum applied force of 8.85 N across 40 % of the P(VDF-

TrFE) active area.
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Figure 6.1: P(VDF-TrFE) capacitance as a function of applied

force. Capacitance is extracted at 2 kHz.

With no force applied, the P(VDF-TrFE) capacitance is 858.59 pF. Upon
application of a 8.85 N force, the capacitance has increased to 866.85 pF, an increase
of 8.26 pF across the 8.85 N force range. P(VDF-TrFE) capacitance follows a
logarithmic dependence on the applied force. Defining sensitivity as the change in
capacitance per unit force, sensitivity is far greater at the low end of applied forces.
Within the range of forces from 0 N to ~ 0.5 N (Figure 6.2), P(VDF-TrFE)
capacitance responds approximately linearly to force, with a sensitivity of ~ 7.1

pF/N.
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Figure 6.2: P(VDF-TrFE) capacitance as a function of applied
force for forces between 0 to ~ 0.5 N. Capacitance is extracted at 2

kHz.

6.5 Response of P(VDF-TrFE) capacitor to temperature

This section presents how the capacitance of a P(VDF-TrFE) capacitor
changes upon application of temperature. No force was applied to the capacitor
during this investigation to ensure that capacitance changes were due to temperature
effects alone. Temperature experiments were performed using the setup described

previously in section 3.5.3.

6.5.1 Poled capacitor
To determine whether humidity/moisture was affecting P(VDF-TrFE)

capacitance during the measurements, three experiments were devised. The same

capacitor was used in all three cases, and the experiments were performed several
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days apart to let the capacitor recover back to its room temperature capacitance

condition of ~ 875 pF. The following three temperature experiments were conducted:

1. Capacitance of P(VDF-TrFE) measured in vacuum (< 10 mBar) after storing
the capacitor in roughing-pump vacuum for three days.

2. Capacitance of P(VDF-TrFE) measured in ambient air after storing the
capacitor in roughing-pump vacuum for four days.

3. Capacitance of P(VDF-TrFE) measured in ambient air after storing the

capacitor in ambient air for one week.

Figure 6.3 shows the change in capacitance as a function of P(VDF-TrFE)
temperature between 15 to 47 °C, with the temperature being ramped up and down.
Temperature was recorded using the Peltier element with a precision of +/- 0.1°C. In
each case, the capacitor responds approximately linearly as a function of temperature
with a small hysteresis present. Sensitivity defined as the change in capacitance per

unit of temperature for all three experiments is presented in Table 6.1.
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Figure 6.3: P(VDF-TrFE) capacitance as a function of ambient

capacitor temperature from 15 to 47°C.
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Table 6.1: Temperature sensitivity of P(VDF-TrFE) capacitor for various
measurement conditions.

Experiment P(VDF-TrFE) Sensitivity (pF/°C)
1) Vacuum only 7.04
2) Ambient after vacuum 7.22
3) Ambient only 6.87

6.5.2 Depoled capacitor

To verify whether changes in P(VDF-TrFE) capacitance with temperature are
affected by polarisation, the P(VDF-TrFE) capacitor presented in Section 6.5.1 was
depoled to revert it from the ferroelectric state to a paraelectric one. The capacitor
was heated at 125°C for 30 minutes and then connected to a charge amplifier to

verify the disappearance of the ferroelectric state.
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Figure 6.4: Capacitance of depoled P(VDF-TrFE) as a function of ambient
sensor temperature from 20 to 46°C.
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Figure 6.4 shows P(VDF-TrFE) capacitance as a function of applied
temperature when conditions of experiment 3 in Section 6.5.1 are used. Temperature
was applied to the capacitor in 2°C increments and the capacitance was extracted at 2
kHz after the temperature had stabilised. Again, up and down temperature ramps

were recorded.

Similarly to the poled capacitor, the depoled one responds linearly to
temperature with a sensitivity of 9.4 pF/°C. This value is higher than the sensitivity
of ~ 6.9 pF/°C seen for the poled capacitor (see Table 6.1); however, its room

temperature capacitance is also increased from ~ 900 pF to ~1050 pF after depoling.

6.6 Discussion

Before evaluating the capacitive response of P(VDF-TrFE) to force and
temperature, current-voltage (I-V) and capacitance-voltage (C-V) measurements
were performed. The ~2.5-um-thick P(VDF-TrFE) film exhibited leakage current of
57.5 pA at 1 V. In the range from -5 to +5 V the P(VDF-TrFE) capacitance
increased by ~3 pF, confirming that the poled P(VDF-TrFE) was indeed ferroelectric

in nature.

P(VDF-TrFE) capacitance displays a logarithmic dependence on applied
force over the range 0 N to ~ 9 N. Due to the logarithmic nature of the force
dependence, sensitivity is significantly enhanced at the lower end of applied forces

(< 0.5 N) compared with higher forces. Forces below 0.5 N show capacitance
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sensitivity of ~ 7.1 pF/N, whereas a sensitivity of only ~ 0.26 pF/N can be seen for
forces between 3 and 9 N. However, high force sensitivity is a critical feature at the
lower range of applied forces since the majority of manipulative activities carried out

by a humanoid robot during normal tasks would usually be less than 1 N [13].

On the contrary, ambient temperature causes P(VDF-TrFE) capacitance to
vary approximately linearly over the range from 15 to 47°C. Sensitivity of poled
P(VDF-TrFE) to temperature is ~7 pF/°C and is independent of measurement
condition. The capacitance displays a small temperature-induced hysteresis that
seems to depend of the history of P(VDF-TrFE). If the temperature of the capacitor is
quickly ramped up and down several times in quick succession, the hysteresis is
reduced. The lower hysteresis seen for the depoled P(VDF-TrFE) is likely a result of
such ramping. The depoled, paraelectric P(VDF-TrFE) also exhibits higher room-
temperature capacitance and a higher temperature sensitivity of 9.4 pF/°C. This may
result from the annealing applied to P(VDF-TrFE), thereby changing its ¢, to a higher

value.

The changes in P(VDF-TrFE) capacitance with temperature are
predominantly due to changes in relative permittivity . This is based on an
assumption that the thermal expansion of P(VDF-TrFE) can be neglected. Since the
P(VDF-TrFE) capacitor is firmly attached to the silicon substrate, it can only expand
as much as the silicon. Upon application of temperature, P(VDF-TrFE) would
predominantly expand in the z direction, since x and y are constrained by the rigid
substrate. This would lead to an increase in the P(VDF-TrFE) thickness d. However,

an increase in d would result in a lowering of capacitance with rising temperature,
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contradicting the experimental observation. Consequently, the increase in

capacitance with rising temperature must be associated with increasing .

The changes in P(VDF-TrFE) capacitance with force are more difficult to
explain. The elastic compression of P(VDF-TrFE) under the probe and the resulting
local reduction in the thickness d is negligible compared to the observed changes in
the capacitance. Therefore, one would conclude that the material changes its

properties under compressive force and this results in a slight increase in &;.

Finally, it is likely that the hysteresis in the capacitance with temperature is
caused by the ‘relaxation’ of the polymer, i.e. the polymer structure may undergo
minute changes with temperature. This hypothesis was verified by measuring the
capacitance of a commercial PZT sensor as a function of temperature since the PZT
crystalline lattice would not be prone to structural relaxation seen in polymers.
Figure 6.5 shows the capacitance of a PZT parallel-plate capacitor as a function of

temperature. No hysteresis is observed in this case.
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Figure 6.5: Capacitance of PZT parallel-plate capacitor as a function of

ambient sensor temperature from ~ 50 to 90°C.
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6.7 Summary

This chapter presents the response of a P(VDF-TrFE) capacitor to static
compressive force and constant temperature by monitoring the changes in its
capacitance. Compressive force applied in the normal direction to the capacitor led to
a logarithmic increase in capacitance as a function of force rising from 0 to ~ 9 N. At
the lower end of applied forces (< 0.5 N), the sensitivity is ~ 7.1 pF/N. The P(VDF-
TrFE) capacitance was also measured as a function of temperature. To assess the
influence of humidity, three experiments were devised using a combination of
ambient and vacuum measurement and storage. For all three cases, the capacitor
responded approximately linearly with sensitivities of ~ 7 pF/°C. Next, the P(VDF-
TrFE) capacitor was thermally depoled to return it to paraelectric state and remove
its pyroelectric effect. In this state, the capacitor continued to respond linearly to

temperature producing a sensitivity of 9.4 pF/°C.

The change in P(VDF-TrFE) capacitance with temperature and small force is
significant enough to allow the coupling of P(VDF-TrFE) capacitor with an organic
transistor and thus develop sensors for static pressure and temperature. Such sensors

would be compatible with large-area, low-cost manufacturing.
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Chapter 7

P(VDF-TrFE)/OTFT sensor

Previously, chapter 3 described the methodology for fabricating the
ferroelectric P(VDF-TrFE) capacitor and organic thin-film transistor. In this chapter,
the P(VDF-TrFE) capacitor is connected to the gate of an OTFT with the aim to
create a novel P(VDF-TrFE)/OTFT sensor and the response of such sensor to
compressive force and temperature is studied. Section 7.1 introduces the P(VDF-
TrFE)/OTFT sensor. The materials and sensor circuit fabrication procedure are
briefly reviewed in Section 7.2. Response of the P(VDF-TrFE)/OTFT sensor circuit
to force and temperature are shown in Sections 7.3 and 7.4 respectively. Finally,

Sections 7.5 and 7.6 present discussion and summary respectively.

114



7.1 Introduction

Chapter 6 presented the response of the P(VDF-TrFE) ferroelectric capacitor
to static force and constant temperature. It was shown that the change in sensor
capacitance with force and temperature was in the region of pF’s. To amplify the
response of the sensor and produce a voltage output useful for subsequent interfacing
with readout electronics, the ferroelectric capacitor can be connected to an organic
thin-film transistor. By changing the capacitance of P(VDF-TrFE) through force or
temperature stimuli, OTFT drain current and hence output voltage can be modulated,

and this change in Ip or Voyr can be studied as a function of force or temperature.

Previously, P(VDF-TrFE) has been integrated with a CMOS field-effect
transistor and by exploiting the piezoelectric effect associated with P(VDF-TrFE), a
piezoelectric oxide semiconductor field-effect transistor (POSFET) was created [13].
The POSFET can sense and process pressure signals in-situ. The POSFET is realised
by carefully depositing the P(VDF-TrFE) layer directly onto the field-effect
transistor gate and any charge developed on P(VDF-TrFE) through piezoelectricity
modulates transistor drain current. To date, the POSFET has been primarily explored

for monitoring dynamic normal force.

An organic charge modulated FET (OCMFET) featuring a floating gate with
a PVDF-based piezoelectric polymer has been also demonstrated [118]. The
transistor has a bottom-gate/bottom-contact structure and field effect mobility of ~

0.028 cm?/Vs. The floating gate of the transistor is connected to either the top or
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bottom contact of the PVDF film. The device displays sensitivity ~ 2 mV/N and is

able to detect forces as low as 20 mN at 500 Hz.

A wearable wireless pressure sensor based on a ZnO/PVDF hybrid film has
been developed for heart rate monitoring [119]. ZnO/PVDF hybrid exhibits greater
relative permittivity resulting in an enhanced piezoelectric coefficient for pressure
sensing. In addition, Emamian et al [120] created a piezoelectric touch sensing
device featuring screen-printed PVDF on a paper substrate. The device shows linear
sensitivity of ~ 0.3 V/N over a compressive force range of 0.2 to 1.4 N. However,
this device can only sense dynamic forces using the inherent piezoelectric effect

within poled PVDF film.

This chapter presents a P(VDF-TrFE)/OTFT sensor in a POSFET-like
configuration as shown previously in section 2.12. Such an approach could facilitate
the use of organic electronics for large-area fabrication on flexible substrates to
achieve the flexibility and potential stretch-ability required for a useful electronic
skin, as well as providing the capability to monitor both force and temperature
stimuli. The sensor couples the P(VDF-TrFE) capacitor to the gate of a low-voltage
organic thin-film transistor. Upon application of static force or constant temperature
the capacitance of the ferroelectric capacitor changes, modifying the accumulated
charge in the channel of the transistor. This leads to a modulation in OTFT drain
current that is converted to an output voltage monitored across a large (1 MQ)

resistor connected to ground.
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7.2 Experimental details

The ferroelectric P(VDF-TrFE) capacitor and organic thin-film transistor
were fabricated following the methodology described in Chapter 3. For testing
purposes, the P(VDF-TrFE) capacitor was prepared on silicon wafer, and
subsequently mounted onto a glass slide for compatibility with the force testing
equipment. Al/AlOL/C1gPA/DNTT/AU; Al/AlO/C1sPA/DNTT/Au and
Al/AIO/DNTT/Au OTFTs were used for static force and constant temperature
measurements. For dynamic temperature measurements, Al/AIO,/C1,PA/DNTT/Au
and Al/AlO,/C1sPA/DNTT/Au transistors were used. All transistors had nominal
channel lengths of ~ 30 um and W = 1000 um. To complete the sensing circuit, the
P(VDF-TrFE) capacitor was connected to the OTFT gate by gold wire. Depending
on the experiment performed, the sensor’s Al or Au electrode was connected to the
gate. Previously, Figure 3.15 showed the schematic adopted for force sensing. Figure
7.1 shows the circuit diagram of the sensing circuit whereby the OTFT drain was
biased at —2 V and V,y was chosen between 0 and -3 V. Transistor Vour was

measured in all cases.

Vp=-2V
Vmo% D
P(VDE-TrFE) Vour
1 MQ
Figure 7.1 Schematic of P(VDF-TrFE)/OTFT sensor.

117



7.3 Response of P(VDF-TrFE)/OTFT sensor to static force

This section presents results of different force experiments performed on the
P(VDF-TrFE)/OTFT sensor circuit. In each instance, force was applied in a normal
direction to the sensor’s Au electrode which was connected to the OTFT gate. All

force experiments were performed at room temperature.

7.3.1 Poled P(VDF-TrFE)/OTFT sensor

Force ranging from a few tenths of Newton to ~ 6.5 N was applied to the
P(VDF-TrFE)/OTFT sensor using an input voltage of —1.5 V. Vour was recorded for
various forces and referenced to the value of Vour = Vrer With no force applied.
AVout = |Vout — Vrer| Was calculated and plotted as a function of force. Figure 7.2

shows a typical response when a static force of 0.74 N lasting ~ 7 s is repeatedly
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Figure 7.2 Force of 0.74 N applied repeatedly to P(VDF-TrFE)/OTFT sensor.

Graph shows OTFT Ip and corresponding Vour-
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applied to P(VDF-TrFE). The static force was applied across 40% of the sensor

active area. Application of 0.74 N produces a change in Voyr of ~ 10 mV.

Forces from 0 to 6.5 N were applied to the sensor. For each force, the mean
|AVout| was extracted. Figure 7.3 shows that as applied force is increased from 0 to
6.5 N, AVour increases logarithmically as a function of force. For very low forces,
i.e. forces smaller than 0.1 N, the sensitivity of the circuit is high, ~ 66 mV/N. In the

range between 0.1 and 1 N the sensitivity is reduced to ~ 3.9 mV/N.
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Figure 7.3 |Vourt| as a function of applied force for P(VDF-TrFE)/OTFT sensor

with V,y = 1.5 V. Force was applied to a poled P(VDF-TrFE).

7.3.2 Depoled P(VDF-TrFE)/OTFT sensor

To ensure that the effect of static force on the P(VDF-TrFE)/OTFT sensor
was a result of capacitive changes alone, the P(VDF-TrFE) capacitor was thermally
depoled at 125°C for 30 minutes to change its state from ferroelectric to paraelectric

and thus eliminate its piezoelectric properties. The disappearance of the ferroelectric
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phase was verified by both use of a charge amplifier and the measurement of a
capacitance/voltage curve whereby capacitance did not display a dependence on
voltage. A similar experiment to that shown in Figure 7.3 was performed on the
depoled P(VDF-TrFE)/OTFT sensor. Compressive force of up to ~ 8 N was applied

and AVoyr was extracted and plotted as a function of force.

Figure 7.4 shows that similarly to the poled P(VDF-TrFE) capacitor, AVour
of the depoled P(VDF-TrFE)/OTFT sensor increases logarithmically as a function of
force, confirming that AVour does not result from the piezoelectric effect. As seen in
Figures 7.3 and 7.4, the logarithmic sensor response means that the sensitivity of the
sensor circuit decreases with the increasing force, resulting in high sensitivity for
pressures below 0.1 N. Comparing Figures 7.3 and 7.4 one would notice that AVour
is smaller for the latter. This is caused by using a different transistor for each
experiment. Data in Figure 7.4 were obtained with an OTFT that had mobility about

50% smaller than that of the OTFT used in Figure 7.3, resulting in smaller AVour.
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Figure 7.4 [Vour| as a function of applied force for P(VDF-TrFE)/OTFT sensor

with V,y = —1.5 V. Force was applied to depoled P(VDF-TrFE) in
its paraelectric state.
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7.4 Response of P(VDF-TrFE)/OTFT sensor to static

temperature

This section presents results of temperature experiments performed on

P(VDF-TrFE)/OTFT sensor. In all cases, the OTFT was held at room temperature.

7.4.1 Poled P(VDF-TrFE)/OTFT sensor with DC input voltage

Figure 7.5 presents the effect of static temperature on a poled P(VDF-
TrFE)/OTFT sensor. The capacitor’s Al electrode was connected to the transistor
gate. The temperature of the P(VDF-TrFE) capacitor was varied from 20 to 25°C in
1°C increments. Each temperature was held constant for ~ 1 hour. After waiting for 1
hour at the final temperature (25°C), the temperature was returned to 20°C in one
step. Figures 7.5 (a) and (b) show Vg and |Vour| as a function of time respectively,

along with the associated sensor temperature profile.

For the data shown in Figure 7.5, V|y is fixed and Vg represents the voltage
at the point where the P(VDF-TrFE) capacitor connects to the gate of the transistor,
i.e. the voltage on the gate of the transistor. Figure 7.5 (a) shows that V¢ increases
with the increasing temperature and remains constant if the temperature does not
change. When the temperature set point is changed, it takes about 5 minutes for the
temperature to stabilise. The stabilisation of the gate voltage takes longer and the
duration depends on the temperature change. Once stabilised, Vg remains constant

until the next temperature change occurs.
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Figure 7.5 Vs (@) and |Vour| (b) of P(VDF-TrFE)/OTFT sensor as a function of

P(VDF-TrFE) temperature. The grey curve shows the measured
Vour data whereas the black curve shows Voyr compensated for
the transistor bias stress effect.

Across the 5°C temperature range, Vg responds linearly to sensor temperature
with a sensitivity of ~ 20.5 mV/°C. However, over extended time periods, transistor
Io gradually reduces due to the transistor bias stress effect, leading to a decrease in

[Vout|- This can be inferred from the grey curve shown in Figure 7.5 (b). If one
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compensates for the bias stress effect, [Vour| can be levelled (see the black curve in
Figure 7.5 (b)) and a change in the output voltage with temperature becomes
apparent. This black curve was then used to extract the mean |Vour| for temperatures
between 20 to 25°C and the result is shown in Figure 7.6. A linear dependence
between |[Vour| and P(VDF-TrFE) temperature is observed and |Vour| displays a
temperature sensitivity of 6.8 mV/°C. Previously in Chapter 6, an approximately

linear dependence between the P(VDF-TrFE) capacitance and temperature was seen.
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Figure 7.6 P(VDF-TrFE)/OTFT sensor mean [Vour| as a function of P(VDF-

TrFE) temperature between 20 and 25°C.

Since the bias-stress effect of the organic thin-film transistor affects the
output voltage of the P(VDF-TrFE)/OTFT sensor, the next section discusses the
performance of the sensor when a pulsed voltage is applied at the input. Since the
‘static’ temperature is not expected to undergo sudden changes, infrequent sampling
with voltage pulses would provide a temperature reading while substantially

reducing the bias-stress effect in the organic transistor.
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7.4.2 Poled P(VDF-TrFE)/OTFT sensor with pulsed input voltage

Using a voltage pulse at the input of the sensor would provide a temperature
reading upon request while minimising the bias-stress effect in the organic transistor.
A similar experiment to that shown previously in Figure 7.5 was conducted to
investigate this approach. As before, the OTFT was held at room temperature
whereas the P(VDF-TrFE) capacitor temperature was raised in 1°C increments
between 20 to 25°C. Temperature was allowed to stabilise at each set temperature

before conducting measurements.

The circuit adopted in Figure 7.1 was used, with Vp = -2 V and V|y an AC
pulse from 0 to —3 V with a period of 10 seconds and a 50% duty cycle. The pulse
included a -2 V pre-bias for 3 seconds before ramping to -3 V. Figure 7.7 shows the
input voltage pulse used. The temperature of the sensor was ramped down from 25 to

20°C and then up again. [Vour| was extracted at Viy=—-3 V for each temperature.

-4
-3
E -2
z
> -1 -
0 -
1 i : i : i : i : i : i : i : i : i : i
0 1 2 3 4 5 6 7 8 9 10
Time (s)
Figure 7.7 Vy for P(VDF-TrFE)/OTFT sensor with pulsed input voltage.
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Figure 7.8 shows the effect of temperature on the P(VDF-TrFE)/OTFT sensor
with a pulsed input voltage and temperatures between 25 to 20°C. |Vour| for the
temperature increasing from 20 to 25°C is shown in Figure 7.9 for comparison.
|Vout| was extracted as a function of temperature for both down and up temperature

ramps and is shown in Figure 7.10.
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Figure 7.8 |Vour| for P(VDF-TrFE)/OTFT sensor as a function of
temperature from 25 to 20°C with pulsed V).
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Figure 7.9 [Vour| for P(VDF-TrFE)/OTFT sensor as a function of temperature

from 20 to 25°C with pulsed V)y.
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Figure 7.10 [Vour| of P(VDF-TrFE)/OTFT sensor as a function of temperature

from 20 to 25°C, extracted from Figures 7.8 and 7.9. The
temperature was first ramped from 25 to 20°C and then back to
25°C.
|Vour| increases approximately linearly with temperature between 20 to 25°C.
This relationship is in agreement with the results recorded previously for a DC input
voltage. |Vour| displays a sensitivity of ~ 15 mV/°C (20 to 25°C). The small

hysteresis is most likely a result of the hysteresis measured for the P(VDF-TrFE)

capacitance.

7.4.3 Depoled P(VDF-TrFE)/OTFT sensor with DC input voltage

A similar experiment to that shown in Figure 7.5 was conducted on a depoled

P(VDF-TrFE)/OTFT sensor. Figures 7.11 and 7.12 present the response of a depoled
P(VDF-TrFE)/OTFT sensor to static temperature using a DC input voltage. The
P(VDF-TrFE) capacitor was depoled thermally at 125°C for 30 minutes and

afterwards connected to a charge amplifier to ensure removal of the ferroelectric
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state. The Al electrode of the sensor was connected to the transistor gate. The
temperature of the P(VDF-TrFE) capacitor was again varied from 20 to 25°C in 1°C
increments. Each temperature was held constant for ~ 1 hour. After waiting for 1
hour at 25°C, the temperature was returned to 20°C in one step. Figure 7.11 (a) and

(b) show Vg, [Vout| and temperature as functions of time.
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Figure 7.11 Ve (a) and |Voyr| (b) of depoled P(VDF-TrFE)/OTFT sensor as a
function of P(VDF-TrFE) temperature The curve in (b) shows Vour
compensated for the transistor bias stress effect.
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Similarly to the poled P(VDF-TrFE), Figure 7.11 shows that Vg increases
with the increasing temperature and remains constant if the temperature does not
change. Once stabilised, Vg remains constant until the next temperature change
occurs. Across the 5°C temperature range, Vg responds linearly to sensor temperature
with a sensitivity of ~ 17.3 mV/°C. Figure 11 (b) shows |Vout| when the OTFT bias
stress effect is compensated for. This curve was then used to extract the mean |Vour]|
for temperatures between 20 to 25°C and the result is shown in Figure 7.12. [Vour|

displays a linear dependence on P(VDF-TrFE) temperature with a sensitivity of 13.7

mV/°C.
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Figure 7.12 Depoled P(VDF-TrFE)/OTFT sensor mean |[Vour| as a function of

P(VDF-TrFE) temperature between 20 and 25°C.

7.4.4 Depoled P(VDF-TrFE)/OTFT sensor with pulsed input voltage

To obtain a temperature reading on request and to reduce the organic

transistor bias stress effect, a similar experiment to that discussed in Section 7.4.2
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was conducted for the depoled P(VDF-TrFE)/OTFT sensor. Figures 7.13 and 7.14
present the response of a depoled P(VDF-TrFE)/OTFT sensor to static temperature
using a pulsed input voltage. The P(VDF-TrFE) capacitor was depoled thermally at
125°C for 30 minutes and connected to a charge amplifier to ensure the removal of
the ferroelectric state. The Al electrode of the sensor was attached to the transistor
gate, with Vp = -2 V and V|y an AC pulse from 0 to —1.5 V with a period of 10
seconds and a 50% duty cycle. The pulse included a —1 V pre-bias for 3 seconds
before ramping to —1.5 V. Similarly to the experiment performed on the poled
P(VDF-TrFE), the temperature was varied from 20 to 25°C in 1°C increments. |Vour|
was extracted at V\y = —1.5 V for each temperature in the 5°C range, the results of

which are shown in Figure 7.15.

[Vout| shows an approximate linear dependence with temperature between 20
to 25°C. This agrees with results shown previously (Figure 7.10) using P(VDF-
TrFE) in its poled condition. [Vour| displays a sensitivity of ~ 3.8 mV/°C for the

temperature ramp from 20 to 25°C.
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Figure 7.13 |Vour| for depoled P(VDF-TrFE)/OTFT sensor as a function of

temperature from 25 to 20°C with pulsed V)y.
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Figure 7.14 |Vour| for depoled P(VDF-TrFE)/OTFT sensor as a function of
temperature from 20 to 25°C with pulsed V)y.
0.09
¢ RAMP DOWN [ |
0.08 B RAMP UP
2 .
3
[ |
Z 007 +
0.06 + + t t t }
19 20 21 22 23 24 25 26
Temperature (°C)
Figure 7.15 |Vour| of depoled P(VDF-TrFE)/OTFT sensor as a function of

temperature from 20 to 25°C, extracted from Figures 7.13 and 7.14.
The temperature was first ramped from 25 to 20°C and then back to
25°C.

7.4.5 Response of poled P(VDF-TrFE)/OTFT sensor with DC input

voltage to dynamic temperature
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This section presents the dynamic temperature response of the P(VDF-
TrFE)/OTFT sensor. P(VDF-TrFE) has been poled, i.e. in ferroelectric state, and
therefore possessing pyroelectric properties. Similarly to the static temperature
investigation, the sensor temperature was varied and Vour was monitored. Although
the sensor temperature was ramped at 0.25°C/s, the PID controller needed about 80
seconds to stabilise the temperature. During that time the temperature was oscillating
above and below the upper set value. After the upper temperature value had
stabilised, the temperature was ramped down to 20°C. The peak output voltage for
each temperature ramp (e.g. 20°C — 25°C — 20°C) was recorded. Here the peak
voltage resulted from the combined pyroelectric effect and capacitive changes of
P(VDF-TrFE). Five experiments were performed. In each instance, the transistor was
kept at room temperature and the temperature of P(VDF-TrFE) was varied from 20
to (20+x)°C and back to 20°C, where x = 2, 3, 4, 5 and 6°C. At each (20+x)°C

temperature, the peak transistor output voltage was measured.

Figure 7.16 (a) shows the effect of a 5°C temperature ramp on |Vour| for both
up and down temperature ramps. |Vour| follows the changes in sensor temperature as
set by the controller in real-time. The [Vour| peak value of ~ 500 mV occurring about
20 seconds after the temperature ramp has started is largely due to the pyroelectric
effect. After the temperature has stabilised at 25°C, the voltage magnitude of 385 mV
results from the capacitive effect. The opposite behaviour is observed when the
temperature is decreased. The graph in Figure 7.16 (b) shows the effect of different
temperature increments on [Vour|- Vin Was held at -2 V throughout. The sensor
responds linearly to P(VDF-TrFE) temperature, with a sensitivity of ~ 34 mV/°C for

the peak output voltage.
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Figures 7.17 (a) and (b) show a dynamic temperature ramp between 20 to
30°C performed on both a poled and depoled P(VDF-TrFE)/OTFT sensor. The
purpose of the experiment was to determine the contribution the pyroelectric effect
has to the voltage response, since the depoled sensor does not display pyroelectricity.
In each case, sensor temperature was ramped quickly up and down without

stabilising. OTFT [Vour| was monitored in real time for Viy=Vp=-2 V.
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Figure 7.16 |Vourt| for 20 to 25 to 20°C (a) and A|Vouyr]| (b) for P(VDF-

TrFE)/OTFT sensor as a function of temperature.
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Figure 7.17 Change in [Vour| of P(VDF-TrFE)/OTFT sensor for temperature

variations between 20 and 30°C for poled (a) and depoled (b)
P(VDF-TI’FE). V|N = VD =2V.

From the graphs in Figure 7.17 it is clear that the response of the poled

P(VDF-TrFE) sensor to temperature is much stronger than the one for depoled
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P(VDF-TrFE), where only sensor capacitance plays a role in modulating Vour. For
the poled P(VDF-TrFE), [Vour| increases by ~ 1.2 V when the temperature is raised
from 20 to 30°C at a rate of 1°C/s, compared with ~ 60 mV increase for the depoled
P(VDF-TrFE) when only the capacitive changes have an effect. This 60 mV increase

leads to a sensitivity of 6 mV/°C; a value similar to that reported in Section 7.4.3.

7.5 Discussion

Figure 7.12 shows a typical response when a force of 0.74 N lasting ~ 7
seconds is applied three times to P(VDF-TrFE). Each time the force is applied,
AVout from the sensor shows the same change, indicating that the sensor is capable
of displaying repeatable behaviour. Due to the nature of the force application, the
sensor output voltage follows changes in force in real time. It takes around 2 s for the
force to stabilise at 0.74 N from the 0 N steady-state condition due to the speed of the
probe impacting the P(VDF-TrFE) capacitor. Similarly, when the probe is retracted,
it takes around 2 s to completely pull away from the surface, and this gradual decline
in force applied to the capacitor is represented by the fall in output voltage in a ramp-
like manner. Referring to Figures 7.3 and 7.4 for the poled and depoled P(VDF-
TrFE) respectively, the P(VDF-TrFE)/OTFT sensor displays a logarithmic
dependence on applied compressive force (0 to ~ 8 N) regardless of whether P(VDF-
TrFE) is in the ferroelectric or paraelectric state. The logarithmic behaviour of |Vour|
as a function of force shows the same dependency as sensor capacitance with force

as shown previously in Chapter 6 (see Figure 6.1). Table 7.1 provides a summary of
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OTFT parameters such as threshold voltage (Vi) and field-effect mobility (p)
measured as part of the two static force experiments. Based on Table 7.1 the
response of the sensor to applied force is logarithmic regardless of the initial V; and p
of the transistor and the changes they undergo as a result of the bias stress. OTFT
stability is greatest in terms of V; and p shift for the OTFT featuring AlO,/C1sPA
dielectric which agrees with results previously seen in Chapter 4. In addition, the

larger the |V|n|, the larger the value of |Vs| which appears on the OTFT gate.

Table 7.1: Summary of OTFT characteristics for P(VDF-TrFE)/OTFT sensor
static force measurements.
Poled Sensor Depoled Sensor
OTFT AIO,/C;gsPA/IDNTT/Au  AlO,/CisPA/DNTT/Au
Response to force Logarithmic Logarithmic
Vi initial (V) —-0.52 -0.68
V, final (V) -0.2 -0.21
W initial (cm?/Vs) 0.56 0.30
u final (cm?/Vs) 0.61 0.38

Previously, ferroelectret transducers based on polypropylene films have been
integrated with amorphous silicon FETs using a lamination technique to capacitively
couple the piezoelectric charge produced by the ferroelectret to the transistor gate
[121]. In the capacitive-sensing mode, the voltage divider network showed a change

in [Vout| of ~ 20 mV for a static pressure of 16 kPa applied to the ferroelectret.

Despite the logarithmic capacitive response seen as a function of applied
force, the P(VDF-TrFE)/OTFT sensor could be improved. This could be achieved

through use of a higher-u OTFT, so that changes in Ip with force would be amplified.
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The change in OTFT Vg and sensor [Vour| as functions of time for changing
P(VDF-TrFE) temperature for poled and depoled P(VDF-TrFE)/OTFT sensors are
shown in Figures 7.5 and 7.11 respectively. The experiments were performed on
P(VDF-TrFE) in ferroelectric and paraelectric states to confirm that changes in Vg
and Vour as a function of temperature were resulting from P(VDF-TrFE)

capacitance.

Vi stabilises at each set temperature and remains stable for the 60-minute
period, whereas |[Vour| gradually decreases. This shift in |Vour| with time is
associated with a shift in OTFT characteristics under a prolonged bias. Thin-film
transistors are well known to change their performance under the extended
application of bias, usually manifesting itself as a change in transistor threshold
voltage [122]. An increase in |V{ for a fixed Vs would lead to a decrease in Ip.
Consequently, more stable transistors would be desired. However, Ip of our P(VDF-
TrFE)/OTFT sensor exhibits a power law decrease with time and the measured data
can be compensated for this drift. By doing so, |Vour| shows a sensitivity of 6.8
mV/°C in the temperature range from 20 to 25°C for the poled P(VDF-TrFE) and
13.7 mV/°C for the depoled P(VDF-TrFE). In this case, the depoled P(VDF-
TrFE)/OTFT sensor shows greater temperature sensitivity due to using an OTFT
with a marginally higher mobility (see Table 7.2). Similarly to the force experiment,
if a higher field-effect mobility transistor were to be used, temperature sensitivity

would improve.

Table 7.2 provides a summary of OTFT parameters such as threshold voltage
(Vy) and field-effect mobility (i) measured as part of the temperature experiments for

both poled and depoled P(VDF-TrFE) using DC and pulsed input voltages.
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Table 7.2: Summary of OTFT characteristics for P(VDF-TrFE)/OTFT sensor
temperature measurements.

Poled P(VDF-TrFE) Depoled P(VDF-TrFE)
DC Vin Pulsed Vin DC Vin Pulsed Vin
AlO,/C,PA/ AlO,/CsPA/ AlO,/CsPA/

OTFT DNTT/Au | AIO/DNTT/Au DNTT/AU DNTT/AU
Response to Linear Linear Linear Linear
temperature
Sensitivity
(MV/°C) 6.8 15.0 13.7 3.8
Viinitial (V) -0.54 -0.19 -0.3 -0.21
V, final (V) -0.81 -0.18 -0.19 -0.14
u initial
(cm?/Vs) 0.37 0.14 0.50 0.02
u final
(cm?/Vs) 0.20 0.13 0.67 0.03

Regarding Table 7.2, the response of the sensor to applied temperature is
linear regardless of the initial V; and p of the transistor and their shift under
prolonged bias. A linear dependence of [Vour| as a function of temperature is not
unexpected since the capacitance of the sensor alone displays linear behaviour as a
function of applied temperature (see Figure 6.2). The differences in Vi and p between
the transistors account for the differences seen in sensor sensitivity. In addition, the
applied |V y| controls the value of |Vs| which appears on the OTFT gate. One can also
notice that the pulsed V,y substantially decreases the transistor bias stress effect and

would be preferred in the future.

As seen in section 6.5, the capacitance of P(VDF-TrFE) polymer increases
with increasing temperature as a result of rising &,. For the data of Figure 7.5, the
voltage Vps applied across the drain/source is approximately equal to the voltage Vs

applied across gate/source, leading to the transistor operating in saturation regime.

137



After compensating for the bias stress the increase in |Vour| with rising temperature
results from an increased drain current of the transistor. The primary reason for that
Is an increase in |Vg| with rising temperature, as seen in Figure 7.5 (a). In addition,
Equation 2.14 suggests that a decrease in |V over time would lead to an increased
drain current. The latter is unlikely, because the initial value of the threshold voltage
was —0.54 V and the final value was higher at —0.81 V. Consequently, this points to

the changing |Vg|.

Application of a pulsed input voltage to the sensor allowed the sensing of
static temperature while minimising the degradation of the OTFT due to prolonged
bias. A voltage pulse between 0 to —3 V featuring a —2 V pre-bias step was applied to
Vin, and |Vour| was measured for various sensor temperatures between 20 to 25°C.
Figures 7.8 and 7.9 show the effect of DOWN and UP temperature ramps on the
sensor respectively when P(VDF-TrFE) is in ferroelectric state. As before with a DC
Vin, |[Vour| increases approximately linearly as a function of sensor temperature,
displaying a sensitivity of ~14.8 mV/°C for the 20 to 25°C ramp (Figure 7.10). To
confirm the changes seen in |Vour| as a function of temperature between 20 to 25°C
were a result of P(VDF-TrFE) capacitance changes, a similar experiment was carried
out on a depoled P(VDF-TrFE)/OTFT sensor, i.e. P(VDF-TrFE) was in paraelectric
state. In this case, V\y was a pulse from 0 to —1.5 V, featuring a -1 V pre-bias step.
Whether P(VDF-TrFE) is poled or depoled, |Vour| increases approximately linearly
as a function of P(VDF-TrFE) temperature, displaying sensitivities of ~ 14.8 and 3.8
mV/°C for the poled and depoled cases respectively. The difference in sensitivities is
due to two main factors. Firstly, the two experiments used different input voltage

pulses which would result in smaller changes in output voltage for Viy - -1.5 V
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compared to -3 V. Secondly, each experiment used a different transistor with
different field-effect mobility. For the depoled P(VDF-TrFE)/OTFT sensor, OTFT
mobility was only ~20 % of the value for the poled P(VDF-TrFE)/OTFT sensor,
hence the lower output voltage. However, despite the difference in sensitivity, the
two experiments confirm that [Vour| increases linearly as a function of P(VDF-TrFE)

temperature and the increase is due to capacitance changes in P(VDF-TrFE).

Finally, the P(VDF-TrFE)/OTFT sensor is able to respond to temperature
through changes in P(VDF-TrFE) capacitance as well as through its pyroelectric
effect. Due to the short-lived pyroelectric charge, the pyroelectric effect is only
suitable for sensing dynamic temperature changes. Figures 7.16 (a) and 7.17 (a)
present the sensor’s response to temperature. This response combines the capacitive
and pyroelectric effects. The PID controller provides fast changes in sensor
temperature that are replicated by the sensor and measured as a change in |Vour|.
When the temperature becomes constant, the pyroelectric response diminishes and
[Vour| levels out at a higher value that corresponds to the increased capacitance of
P(VDF-TrFE). |Vour| responds linearly across the 20 to 26°C range investigated. The
pyroelectric effect leads to a greater voltage response than the voltage response
achieved through changes in capacitance; however it is suitable for sensing dynamic
temperature only. From Figure 7.17, by changing the temperature rapidly between 20
to 30°C, |Vour| shows around a factor of 20 greater response for the poled P(VDF-
TrFE) compared to the depoled one, indicating much greater sensitivity for sensing

dynamic versus static temperature.

The P(VDF-TrFE)/OTFT sensor responds linearly to variations in sensor

temperature. |Vour| shows a linear dependence on temperature, outweighing the
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circuit’s force sensitivity by at least a factor of two regardless of whether DC or AC
Vn is used. Previously, a charge-modulated organic field-effect transistor has been
integrated with a pyroelectric element for use as a temperature transducer [123]. In a
similar approach, as temperature is increased to the pyroelectric element, transistor Ip
increases linearly as a result of pyroelectricity and vice versa. The device shows fully
reversible temperature response when temperature is ramped in both UP and DOWN

configurations.

Ve can be higher or lower than Vi and its magnitude depends on the
orientation of the P(VDF-TrFE) capacitor with respect to the gate electrode of the
transistor. Figure 7.18 demonstrates the changes in Vg when either the Al or Au
electrode of the P(VDF-TrFE) capacitor is connected to the gate of a transistor and
the temperature is kept constant. For this measurement, the schematic of Figure 7.1

was adopted with V,y = Vp = -2 V. Referring to Figure 7.18, when the Au electrode

—— Al to gate

-1.8 — Au to gate

Ve (V)

0 2000 4000 6000 8000 10000
Time (s)

Figure 7.18 P(VDF-TrFE)/OTFT sensor Vg as a function of time for Al and Au
connected to OTFT gate. Vin=Vp=-2 V.
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of depoled P(VDF-TrFE) is connected to the gate of the transistor, Vg reaches
—1.51 V after ~9000 s. On the other hand, when Al is connected to the gate, Vg =
—2.47 V after ~9000 s. In this case, the difference in the work functions between Al
and Au forces Vg to become more negative than V\y = Vp. Fundamentally, this
behaviour does not depend on the poling direction of the P(VDF-TrFE) capacitor or

whether P(VDF-TrFE) is in ferroelectric or paraelectric state.

Attime t — 0 s, V|y appears across the P(VDF-TrFE) capacitor while there is
no voltage across the transistor. For t > 0 s, when Au is connected to the gate, the
voltage across P(VDF-TrFE) gradually decreases, while the voltage between the gate
and source of the transistor increases. Charge accumulation will occur in the

transistor when |Vg| > |V{| and the transistor will turn on.

Let’s assume that the Au-side of the P(VDF-TrFE) capacitor is connected to
the gate of the transistor and the P(VDF-TrFE) capacitor behaves like any ordinary
capacitor. In such a case the voltage on the gate of the transistor (see Figure 7.1) can

be written

_ CpyDF Cep Cgs
VG = —C - VIN + C " VD + C - VOUT (71)
TOT TOT TOoT

where Cpypr Is the capacitance of P(VDF-TrFE), Cep and Cgs are the gate/drain and
gate/source overlap capacitances of the transistor, respectively, and Ctor = Cpypr +
Cop *+ Csp. Based on Equation (7.1), the changing Cpypr would lead to a change in
Ve, any change in Vg is manifested as a change in the drain current Ip of the
transistor, and thus the output voltage Vour of the sensor. If the P(VDF-TrFE)

capacitance changes from Cpypr1 10 Cpyprz as a result of applied static force or an
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exposure to constant temperature, the corresponding change in the gate voltage of the

transistor can be approximated by

Cep(Vin—Vp)+Cos(Vin—Vour) (7.2)
(CpvpF1+Ccp+Cgs) (Cpyprz+Cep+Cas)

AV = Vg — Vg1 = (Cpyprz — Cpypri)

If one assumes that the effect of the second term can be neglected, the change in Vg
is proportional to the change in P(VDF-TrFE) capacitance. Therefore, the sensor of

Figure 7.1 should respond to static pressure or constant temperature.

To confirm that Equation (7.1) fundamentally describes the behavior of the
P(VDF-TrFE)/OFET sensor, the steady-state values of Vg and Vour of Figure 7.18
were used. Equation (7.1) was used to calculate Vg based on the known values of
Vout, Vin, Vb, Cpvpr, Cep = Csp, and Cror. The calculated value was —1.58 V, a
value close to the measured value of —1.51 V. The transistors presented in Figure
7.18 had field-effect mobility of 0.56 cm®Vs. A similar measurement was
performed with a transistor that had field-effect mobility of 0.025 cm?/Vs and
Equation (7.1) was again used to calculate Vs. The measured steady-state Vg was

—1.38V, while the calculated was —1.33 V, leading to a good agreement.

The circuit of Figure 7.1 would also respond to dynamic force or temperature
via the inherent piezo- or pyroelectric effect of the ferroelectric P(VDF-TrFE) layer.
In such a case, a charge perturbation is induced in the floating gate of the transistor,
thus leading to the modulation of the transistor drain current, and Equation (7.1) is

modified as follows

VG = CpvDF ) VI + ;GD - VD + Ces ' VOUT + L (73)

N
Cror TOT Cror Cror
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where Q is the generated piezo/pyroelectric charge. This behavior is illustrated in

Figure 7.17(a) for the poled P(VDF-TrFE)/OFET sensor. The strong response is

Q
TOT

caused by the induced pyroelectric charge and the corresponding term - In this

case the orientation of the P(VDF-TrFE) capacitor (Al electrode connected to the
gate) led to an increase (decrease) in [Vour| with rising (falling) temperature.
Swapping the polarity of the sensor (Au electrode connected to the gate) led to an
opposite effect, i.e. a decrease (increase) in |Vout| with rising (falling) temperature.

Depoled P(VDF-TrFE) in the paraelectric state cannot respond to changes in

temperature via the pyroelectric effect (CL = 0) and any change in the sensor
TOT

output voltage results from the change in P(VDF-TrFE) capacitance, as shown in

Figure 7.17(b).

7.6 Summary

This chapter presents a P(VDF-TrFE)/OTFT sensor where the ferroelectric
P(VDF-TrFE) capacitor is connected to the gate of an organic thin-film transistor.
The sensor is capable of sensing static force and temperature stimuli through changes
in P(VDF-TrFE) capacitance. The circuit responds logarithmically to compressive
force between 0 and ~ 8 N for both poled and depoled P(VDF-TrFE). In addition,
static temperature can be detected by the sensor and it shows a linear response for
DC and pulsed input voltage. Sensitivities for static temperature across the 5°C range
are ~ 6.8 and 14.8 mV/°C for DC and pulse input voltages respectively for the

poled/ferroelectric P(VDF-TrFE). Similarly, the sensitivities are ~ 13.7 and 3.8
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mV/°C for DC and pulsed input voltages respectively for the depoled/paraelectric
P(VDF-TrFE). Finally, the circuit is able to respond considerably to dynamic
changes in sensor temperature via the inherent pyroelectric effect associated with

poled/ferroelectric P(VDF-TrFE).
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Chapter 8

Conclusion and future work

This chapter concludes all the research contained within this thesis in Section

8.1. Opportunity for future work is presented in Section 8.2.

8.1 Conclusion

This thesis presents the development of a force and temperature sensor based
on ferroelectric polymer P(VDF-TrFE) integrated with low-voltage organic

transistors for signal amplification and readout. The response of the P(VDF-
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TrFE)/OTFT sensor to force and temperature was evaluated for potential use as a

tactile sensor.

Development of the sensor involved three main areas: (i) low-voltage OTFT
optimisation, (ii) study of the ferroelectric capacitor, and (iii) integration of the
P(VDF-TrFE) capacitor with OTFT. For OTFT fabrication, the self-assembled
monolayer of alkyl phosphonic acid that forms part of the gate dielectric was
optimised with respect to the alkyl chain length. MIM structures and OTFTs with
different phosphonic acid monolayers were fabricated and compared. WCA, AFM
and FTIR were performed on the monolayers. Electrical characterisation of MIM and
OTFTs was performed and long-term transistor stability was measured through bias

stress experiments.

As the length of phosphonic acid alkyl chain increased, a decrease in
AlO,/C,PA layer capacitance was observed confirming monolayer formation in all
six cases examined. In addition, each AIO,/C,PA layer produced a low leakage
current density between ~ 6x10® and ~ 3x10® A/cm?. For each desorbed/annealed
AIO,/C,PA surface, the total surface energy was ~ 17.5 mJ/m? and independent of
chain length. The electrical performance of OTFTs with AlIO,/C,PA dielectric was
significantly affected by choice of C,PA. Going from CgPA to Ci;gPA, OTFT V;
reduces by ~ 10%, field-effect mobility increases by an order of magnitude, and logr
reduces by almost half. OTFT performance improved across the board as the length
of C,PA increased. Furthermore, bias stress-induced degradation of OTFT samples is

related to C,PA length and longer chains show better air stability.
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To achieve flexibility of organic thin-film circuits over large areas by
manufacturing processes such as R2R, the integration of devices onto thin plastic
substrates is needed. OTFTs based on the organic semiconductor DNTT were
fabricated on 125 pm-thick PEN plastic foils. Two PEN substrates were tested for
possible use, Teonex Q65FA featuring an adhesive layer on its bottom (non-device)
side and Optfine PQAL with a planarisation layer on the top (device) side. Both
substrates were thermally annealed at 160°C to ensure compatibility with the
maximum OTFT fabrication process temperature. In addition, DNTT deposition was
optimised in terms of deposition rate. MIM and OTFT structures were produced and
dielectric and OTFT electrical properties were evaluated, including a 1000-second

bias stress.

Pre-annealing of the two PEN substrates prior to device fabrication resulted
in Teonex remaining flat, while Optfine underwent a substantial and permanent
change to its radius of curvature. AlO,/CgPA transistors on Optfine exhibited greater
field-effect mobility and remained more stable under bias stress when compared to
similar devices on Teonex. This is most likely a result of the increased DNTT
deposition rate on the Optfine substrate along with its lower surface roughness

resulting from the planarisation.

The capacitive response of a P(VDF-TrFE) ferroelectric capacitor to force
and temperature was investigated. The response was assessed via a change in layer
capacitance due to static compressive force or constant temperature. Force was
applied in the normal direction to the P(VDF-TrFE) capacitor between 0 to ~ 9 N and
led to a logarithmic dependence of the capacitance with respect to force. For the

lower end of applied forces (< 0.5 N), the capacitance sensitivity was ~ 7.1 pF/N.
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Additionally, three distinct temperature ramps were performed on the P(VDF-TrFE)
capacitor using changing ambient, vacuum and storage conditions. In each instance,
the capacitor responded linearly to temperature between 15 to 47°C with sensitivity
of ~ 7 pF/°C. To remove any potential piezoelectric/pyroelectric charge generated by
dynamic force and temperature respectively, the sensor was depoled by heating it to
above Tcurie. In the depoled/paraelectric configuration, the capacitor retained its

linear response to temperature displaying sensitivity of 9.4 pF/°C.

To achieve signal amplification and for readout purposes, the ferroelectric
P(VDF-TrFE) capacitor was connected to the gate electrode of an organic thin-film
transistor. It was shown that the P(VDF-TrFE)/OTFT sensor was capable of
responding to static force and temperature events through a change in P(VDF-TrFE)
capacitance. Response of the sensor to force and temperature was examined. The
P(VDF-TrFE)/OTFT sensor showed a logarithmic dependence of its output voltage
as a function of compressive force between 0 and ~ 8 N for both poled and depoled
P(VDF-TrFE). Furthermore, a linear response was observed when static temperature
changes (20 to 25°C) were applied to the P(VDF-TrFE)/OTFT sensor using both a
DC and pulsed V. Sensitivities of 6.8 and 14.8 mV/°C for poled P(VDF-TrFE) were
obtained for DC and pulsed input voltages respectively as a function of static
temperature. For depoled P(VDF-TrFE), sensitivities of ~ 13.7 and 3.8 mV/°C were
achieved using DC and pulsed input voltages. Finally, the pyroelectric effect was
examined using dynamic temperature ramps on both poled and depoled P(VDF-

TIrFE).
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8.2 Future work

This thesis has shown the optimisation of OTFTSs via the gate dielectric layer,
choice of PEN substrate, as well as incorporation of an air stable organic
semiconductor dinaphtho[2,3-b:2’°,3’-f]thieno[3,2-b]thiophene. To date, some DNTT
growth optimisation with respect to deposition rate has been performed. Further
improvement in OTFT performance could be achieved through optimisation of the
DNTT deposition temperature. This could lead to transistors with greater field-effect

mobility and improved air and bias stability.

The development of ferroelectric P(VDF-TrFE) capacitors able to respond to
changes in force and temperature has been shown through changes in P(VDF-TrFE)
capacitance. However to date, the capacitors have only been realised on rigid Si
wafer. Future work should focus on the fabrication of such ferroelectric capacitors on

flexible PEN foil to integrate them with the existing OTFT technology.

Response of the P(VDF-TrFE)/OTFT sensor to compressive static force and
temperature stimuli has been thoroughly investigated. Static force has been applied
to the sensor in both poled and depoled configurations. Future work would develop a
setup whereby dynamic changes in force could be applied to the P(VDF-TrFE)
capacitor and the output voltage from the sensor would be a result of capacitive and
piezoelectric effects inherent within poled P(VDF-TrFE), leading to an improved

sensor sensitivity for dynamic force events.

To support the results found experimentally on the P(VDF-TrFE)/OTFT

sensor, a more comprehensive model would need to be developed in the future. The
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model would address the force and temperature data separately and form a solid

theoretical basis for all further work on the sensor.

Finally, once the P(VDF-TrFE) capacitor and OTFT have been integrated on
a shared flexible substrate, response of the entire circuit to force and temperature

changes would need to be investigated.
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